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ABSTRACT 
Poly-  (methylmethacry la te  ) polymers c r o s s  
?. 
*( :  I 
I C -  
inked w i t h  e t h y l e n e  g l y c o l  
d i m e t h a c r y l a t e  and w i t h  hexamethylene g l y c o l  d i m e t h a c r y l a t e  w e r e  s t u d i e d  
i n  vacuum (z. 1 micron)  up t o  about 245'C by t h e  con t inuous  and i n t e r -  
m i t t e n t  s t r e s s - r e l a x a t i o n  method. A t  225'C, t h e  stress remained c o n s t a n t  
d u r i n g  p e r i o d s  exceeding  1000 minutes  even though a 14% weight  loss 
o c c u r r e d .  The stress decayed e x p o n e n t i a l l y  a t  245OC; t h e  decay c o n s t a n t  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c r o s s l i n k e r  c o n c e n t r a t i o n ,  excep t  a t  a 
v e r y  l o w  c o n c e n t r a t i o n .  I n  a l l  i n s t a n c e s ,  t h e  c o n t i n u o u s l y  and i n t e r -  
m i t t e n t l y  de te rmined  stresses were i d e n t i c a l  and t h e  d e g r a d a t i o n  charac-  
t e r i s t i c s  were n o t  dependent  on the  t y p e  of c r o s s l i n k i n g  a g e n t .  Degrada- 
t i o n  under an a tmospher ic  environment was a l s o  s t u d i e d .  
T e n s i l e  s t r e s s - s t r a i n  d a t a  were de termined  a t  a series of c o n s t a n t  
e x t e n s i o n  r a t e s  between about  125 and 185'C ( rubbe ry  r e s p o n s e  r e g i o n )  on 
c r o s s l i n k e d  and u n c r o s s l i n k e d  polymers ,  Because of a r e l a t i v e l y  t i g h t  
en tanglement  network,  1-minute moduli between 135 and 165'C a r e  i n s e n s i t i v e  
t o  c r o s s l i n k e r  c o n c e n t r a t i o n  (except a t  h igh  l e v e l s )  and a r e  e s s e n t i a l l y  
i d e n t i c a l  w i t h  t h a t  f o r  unc ross l inked  PMMA. The t i m e  and t empera tu re  de- 
pendence of t h e  l a r g e  deformat ion  and u l t i m a t e  p r o p e r t i e s  a r e  c o n s i d e r e d ,  
a l o n g  w i t h  t h e  e f f e c t  of t empera tu re  and c r o s s l i n k  d e n s i t y  on t h e  non- 
l i n e a r  s t r a i n  f u n c t i o n .  The dependence of t h e  f a i l u r e  envelope  and of 
t h e  maximum e x t e n s i b i l i t y  on c r o s s l i n k  d e n s i t y  i s  a l s o  d i s c u s s e d .  
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I INTRODUCTION 
Polymers ,  because of t h e i r  d i v e r s e  and unique c h a r a c t e r i s t i c s )  f u l -  
f i l l  a v a r i e t y  of needs i n  engineer ing  a p p l i c a t i o n s  and a r e  used ,  f o r  
example,  a s  o p t i c a l ,  e l e c t r i c a l )  t h e r m a l - c o n t r o l ,  a d h e s i v e )  and s t r u c t u r a l  
components. To  o b t a i n  h i g h  r e l i a b i l i t y  and an optimum e n g i n e e r i n g  d e s i g n ,  
q u a n t i t a t i v e  i n f o r m a t i o n  is needed on t h e  p r o p e r t i e s  of polymers under 
t h e  a n t i c i p a t e d  environmental  c o n d i t i o n s  and on t h e  v a r i a t i o n  i n  proper -  
t i es  caused by changes i n  chemical s t r u c t u r e  or p h y s i c a l  s t a t e .  
T h i s  f i n a l  r e p o r t  d e s c r i b e s  a s t u d y  of t h e  e f f e c t s  of e l e v a t e d  t e m -  
p e r a t u r e s ,  vacuum c o n d i t i o n s ,  and chemical  s t r u c t u r e  on t h e  mechanical  
p r o p e r t i e s  of po ly- (methylmethacry la te )  polymers c r o s s l i n k e d  t o  d i f f e r e n t  
e x t e n t s  by two d i f f e r e n t  c r o s s l i n k i n g  a g e n t s .  The PNmilA polymers ,  which 
have a g l a s s  tempera ture  i n  t h e  v i c i n i t y  of 1 0 0 ° C ,  w e r e  s e l e c t e d  f o r  t h e  
i n v e s t i g a t i o n  because  r e l a t e d  s t u d i e s  w e r e  b e i n g  made a t  t h e  NASA-Ames 
Research  C e n t e r .  
The program i n c l u d e d  s t u d i e s  of s t a b i l i t y  a t  e l e v a t e d  t e m p e r a t u r e s  
under  vacuum and a tmospher ic  environments and of t e n s i l e  s t r e s s - s t r a i n  
p r o p e r t i e s  a t  t empera tures  below t h a t  a t  which chemical  d e g r a d a t i o n  o c c u r s  
d u r i n g  a tes t  p e r i o d .  To s t u d y  s t a b i l i t y ,  t h e  cont inuous  and i n t e r m i t -  
t e n t  s t r e s s - r e l a x a t i o n  techniques  w e r e  s e l e c t e d  s i n c e  t h e  r e s u l t a n t  d a t a  
normal ly  show t h e  r a t e s  f o r  b o t h  r u p t u r e  and f o r m a t i o n  of mechanica l ly  
e f f e c t i v e  network c h a i n s .  T e n s i l e  s t r e s s - s t r a i n  d a t a  w e r e  de te rmined  a t  
v a r i o u s  e x t e n s i o n  r a t e s  and tempera tures  w i t h i n  t h e  range  of rubbery  
r e s p o n s e .  These d a t a  p r o v i d e  informat ion  on:  (1) r e l a x a t i o n  c h a r a c t e r -  
i s t i c s  a s  a f E n c t i o n  of t i m e ,  t empera ture ,  and s t r a i n ;  ( 2 )  t h e  i n h e r e n t  
form of t h e  n o n l i n e a r  s t r e s s - s t r a i n  c u r v e ;  and (3) t h e  t i m e  and tempera- 
t u r e  dependence of t h e  u l t i m a t e  t e n s i l e  p r o p e r t i e s .  These c h a r a c t e r i s t i c s  
depend on t h e  e f f e c t i v e  c r o s s l i n k  d e n s i t y ,  network topology,  and t h e  re- 
sponse  r a t e  of segments and c l u s t e r s  of c h a i n s .  
The exper imenta l  work was p r e d i c a t e d  on t h e  assumption t h a t  t h e  
mechanical  p r o p e r t i e s  i n  t h e  rubbery r e s p o n s e  r e g i o n  depend p r i m a r i l y  
1 
on t h e  e f f e c t i v e  c r o s s l i n k  d e n s i t y  and t h a t  t h e  r a t e  of change of cross- 
l i n k  d e n s i t y  i n  a degrading  environment can be d e r i v e d  from cont inuous  
and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  d a t a .  If t h e  mechanical p r o p e r t i e s  
depend on c r o s s l i n k  d e n s i t y  i n  a known manner and i f  t h e  d e g r a d a t i o n  r a t e  
i n  a s e v e r e  environment a t  v a r i o u s  t e m p e r a t u r e s  i s  a l s o  known, it should  
be p o s s i b l e  t o  p r e d i c t - - a t  l e a s t  s e m i - q u a n t i t a t i v e l y - - t h e  changes i n  
mechanical  p r o p e r t i e s  e f f e c t e d  b y  v a r y i n g  environmental  c o n d i t i o n s .  
T h i s  r e p o r t  c o n t a i n s  a d i s c u s s i o n  of (1) t h e  PMMA polymers s t u d i e d  
and t h e i r  network t o p o l o g i e s ;  ( 2 )  t h e  s t a b i l i t y  of c r o s s l i n k e d  PMMA 
polymers i n  vacuum and atmospheric environments;  and ( 3 )  t h e  l a r g e  d e f o r -  
mat ion  and u l t i m a t e  t e n s i l e  p r o p e r t i e s  of s e v e r a l  ser ies  of PMMA polymers .  
The Appendices g i v e  a d i s c u s s i o n  of t h e  re laxometer  and procedures  f o r  
p r o c u r i n g  d a t a  under vacuum c o n d i t i o n s ,  t h e  method f o r  o b t a i n i n g  t e n s i l e  
d a t a ,  and p u b l i s h e d  l i t e r a t u r e  on p r o p e r t i e s  of PMMA polymers.  
2 
I I POLY- (rnTHYLMETK4CRYLATE ) POLYMERS AND 
THEIR hTTWORK TOPOLOGIES 
A .  Sample C h a r a c t e r i s t i c s ,  C r o s s l i n k e r  C o n c e n t r a t i o n ,  
and Equi l ibr ium S w e l l i n g  Experiments 
Large s h e e t s  of PMMA c r o s s l i n k e d  w i t h  e t h y l e n e  g l y c o l  d i m e t h a c r y l a t e  
(EDMA) and w i t h  hexamethylene g l y c o l  d i m e t h a c r y l a t e  w e r e  p rocured  by t h e  
NASA A m p s  Research Center  from t h e  P o l y c a s t  C o r p o r a t i o n ,  S tamford ,  
C o n n e c t i c u t .  The weight  p e r c e n t  of c r o s s l i n k e r  used i n  t h e  p r e p a r a t i o n  
of each  polymer i s  inc luded  i n  Table  I which a l s o  g i v e s  d e n s i t y  d a t a  
o b t a i n e d  a t  25'C by t h e  h y d r o s t a t i c  weighing method. 
c o n t a i n s  16% HDMA, d e s i g n a t e d  Lot 12 and not  l i s t e d  i n  Table  I ,  was a l s o  
p r o c u r e d .  Two u n c r o s s l i n k e d  PMMA polymers (designation, L o t s  1 and 9 )  
w e r e  a l s o  prepared  by t h e  P o l y c a s t  Corp . ;  t h e s e  m a t e r i a l s  a r e  s e n s i b l y  
i d e n t i c a l  and t h e  d e n s i t y  of L o t  1 was found t o  be 1.185 grams/ml. 
A polymer which 
A l l  
11 Polycas  t polymers w e r e  p repared  u s i n g  0.1% cy, CY' -azob i s i s o b u t y r o n i  t r i l e  
( A I B N )  a s  t h e  p o l y m e r i z a t i o n  c a t a l y s t .  A l l  s h e e t s  w e r e  of e x c e l l e n t  
p h y s i c a l  q u a l i t y  and about  0.040 inch  t h i c k .  Specimens,  when h e a t e d  
above t h e i r  g l a s s  t e m p e r a t u r e ,  showed no tendency t o  warp or c u r l ,  i n d i -  
c a t i n g  a n  absence of " b u i l t - i n "  stresses. 
I n  a d d i t i o n t o t h o s e  from t h e  P o l y c a s t  C o r p . ,  PMMA polymers c r o s s l i n k e d  
w i t h  0.3% and 0.8% EDhlA were prepared  a t  t h e  Ames Research C e n t e r ;  AIBN 
was a g a i n  used a s  t h e  c u r i n g  c a t a l y s t .  
s tresses and t h e y  became h i g h l y  d i s t o r t e d  when h e a t e d  above t h e i r  g l a s s  
t e m p e r a t u r e s .  The b u i l t - i n  stresses probably  r e s u l t e d  from non-uniform 
p o l y m e r i z a t i o n  c o n d i t i o n s  and t h e  s h r i n k a g e  which accompanies polymeriza-  
t i o n .  Although t h e  thermal  s t a b i l i t i e s  of t h e s e  samples  w e r e  n o t  e v a l u a t e d ,  
t h e i r  t e n s i l e  s t r e s s - s t r a i n  p r o p e r t i e s  w e r e  s t u d i e d ,  a s  d i s c u s s e d  i n  Sec- 
t i o n  I V .  
1 1  These samples c o n t a i n e d  b u i l t - i n "  
An e s t i m a t e  of t h e  c r o s s l i n k  d e n s i t y  and s o l  f r a c t i o n *  for each  
c r o s s l i n k e d  PMMA polymer ( P o l y c a s t )  was o b t a i n e d  by de termining  t h e  
*The s o l  i n  a c r o s s l i n k e d  polymer i s  t h a t  m a t e r i a l  which is  n o t  connec ted  
by pr imary v a l e n c e  bonds t o  t h e  network and which t h u s  can  be e x t r a c t e d  
by a s u i t a b l e  s o l v e n t .  
3 
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e q u i l i b r i u m  s w e l l i n g  i n  l I 2 - d i c h l o r o e t h a n e  and i n  ch loroform.  Data w e r e  
o b t a i n e d  by p l a c i n g  weighted specimens i n  about 100 m l  of 1 , 2 - d i c h l o r o -  
e t h a n e .  Each swollen specimen was weighed p e r o d i c a l l y  u n t i l  i t  a t t a i n e d  
a c o n s t a n t  weight ;  d u r i n g  t h i s  t ime, t h e  s o l v e n t  was changed s e v e r a l  
t i m e s .  This  procedure  was u n s u i t a b l e  f o r  s w e l l i n g  specimens i n  c h l o r o -  
form;  upon immersing specimens i n  chloroform,  t h e y  c racked  and tended  t o  
f r a g m e n t ,  Thus, weighed specimens w e r e  p l a c e d  i n  r e f l u x i n g  n-butyl  
a c e t a t e  a t  125'C f o r  about  one hour and t h e n  al lowed t o  remain f o r  about  
5 days i n  t h i s  s o l v e n t  a t  ambient t e m p e r a t u r e .  (Specimens of Lot 3 w e r e  
l e f t  i n  t h e  r e f l u x i n g  s o l v e n t  f o r  24 h o u r s . )  The swol len  specimens were 
t h e n  t r a n s f e r r e d  t o  chloroform; t h e  s o l v e n t  was changed p e r i o d i c a l l y  and 
t h e  specimens al lowed t o  s w e l l  u n t i l  t h e y  a t t a i n e d  a c o n s t a n t  w e i g h t .  
Swollen specimens were d r i e d  t o  c o n s t a n t  weight  i n  a vacuum oven a t  
130-165°C. 
f r a c t i o n  was computed; t h e  r e s u l t s  a r e  g iven  i n  Table  I .  Values from t h e  
t e s t s  made w i t h  t h e  t w o  s o l v e n t s  a r e  i n  r e a s o n a b l y  good agreement .  
Roughly speaking ,  t h e  PMMA polymers c o n t a i n  10% so l .  
From t h e  f i n a l  d r y  weight and t h e  i n i t i a l  w e i g h t ,  t h e  g e l  
The moles of e f f e c t i v e  network c h a i n s  p e r  u n i t  volume of i n i t i a l  
m a t e r i a l  was c a l c u l a t e d  from t h e  e q u a t i o n : '  
where x 1  i s  t h e  polymer-solvent i n t e r a c t i o n  parameter ,  V ,  is t h e  molar 
volume of s o l v e n t ,  v2 i s  t h e  volume f r a c t i o n  of polymer i n  a s w o l l e n  
specimen,  and g i s  t h e  g e l  f r a c t i o n ,  i . e . ,  (1-g) i s  t h e  sol  f r a c t i o n .  
( In  t h i s  r e p o r t ,  t h e  s u b s c r i p t  s w  added t o  t h e  symbol v 
s u l t s  from s w e l l i n g  e x p e r i m e n t s . )  
ch loroform and 0.42 f o r  1 , 2 - d i c h l o r o e t h a n e .  The r e s u l t i n g  v a l u e s  of 
("e )sw 
probably  l e s s  r e l i a b l e  t h a n  t h e  o t h e r s  because  somewhat u n c e r t a i n  v a l u e s  
for t h e  d r y  weights  w e r e  o b t a i n e d .  
d e s i g n a t e s  re- e 
The v a l u e s 2  used f o r  x r  w e r e  0.37 f o r  
a r e  given i n  T a b l e  I ;  t h o s e  f o r  L o t s  1 7 ,  18, 19, and 20 a r e  
wf C r o s s l i n k  d e n s i t y  was a l s o  c a l c u l a t e d  from t h e  weight  f r a c t i o n ,  
of t h e  c r o s s l i n k i n g  agent  i n  t h e  polymers.  S i n c e  each c r o s s l i n k e r  molecule  
5 
i. 
shou ld  t h e o r e t i c a l l y  g i v e  two network c h a i n s ,  t h e  a p p r o p r i a t e  e q u a t i o n  
is :  
where p is  t h e  sample d e n s i t y  and M i s  t h e  molecu la r  weight  of t h e  cross- 
l i n k e r  (198 f o r  EDMA and 254 f o r  HDMA).  
i n  Tab le  I .  
A 
The c a l c u l a t e d  v a l u e s  a r e  inc luded  
( N o  a t t empt  was made t o  account  for d a n g l i n g  c h a i n s . )  
B .  Modulus and t h e  Entanglement Network 
Table  I1 g i v e s  v a l u e s  of t h e  1-minute t e n s i l e  modulus,  F ( 1 ) ,  d e r i v e d  
( a s  d i s c u s s e d  i n  S e c t i o n  I V )  from s t r e s s - s t r a i n  d a t a  o b t a i n e d  a t  d i f f e r e n t  
e x t e n s i o n  r a t e s  and t e m p e r a t u r e s .  One-minute i s o c h r o n a l  s t r e s s - s t r a i n  
d a t a  were used t o  p r e p a r e  p l o t s  of J.2 v s .  A - 1  and t h e  modulus v a l u e s  were 
o b t a i n e d  f r o m  t h e  i n i t i a l  s l o p e s  of t h e s e  p l o t s .  (Typica l  p l o t s  a r e  
shown i n  F i g .  23 i n  S e c t i o n  I V - C . )  
temperature- independent  a t  e l e v a t e d  t e m p e r a t u r e s ,  i t  appea r s  t h a t  e q u i l i b -  
r ium v a l u e s  w e r e  n o t  o b t a i n e d .  For one of t h e  polymers (Lot 2 ) ,  t h e  s l o p e s  
of plots* of log  0 v s .  l o g  t (each cu rve  f o r  a c o n s t a n t  A )  showed a g r e a t e r  
d e v i a t i o n  from z e r o  a t  185OC t h a n  a t  1 6 5 " C ,  i . e . ,  t h e  r e l a x a t i o n  r a t e  was 
g r e a t e r  a t  t h e  h i g h e r  t empera tu re .  (Data a t  1 8 5 O C  w e r e  ana lyzed  for on ly  
t h r e e  c r o s s l i n k e d  po lymers . )  
occu r rence  of chemical  deg rada t ion  d u r i n g  t h e  t es t  p e r i o d s  a t  1 8 5 " C ,  i t  
may a l s o  r e s u l t  from t h e  r e l a x a t i o n  ( s l i p p a g e )  of en tang led  network 
c h a i n s ,  as c o n s i d e r e d  i n  t h e  subsequent  pa rag raph .  However, modulus 
values** a t  1 6 5 O C  a r e  cons ide red  t o  be  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  
c r o s s l i n k  d e n s i t y .  T h i s  assumption is an exped ien t  one because :  (1) t h e  
modulus of a l i g h t l y  c r o s s l i n k e d  PMMA sample a t  165OC w i l l  d e v i a t e  from 
t h e  e q u i l i b r i u m  v a l u e  by an  amount g r e a t e r  t h a n  t h a t  f o r  a t i g h t l y  c r o s s -  
l i n k e d  one ;  and ( 2 )  t h e  c r o s s l i n k  d e n s i t y  may be more n e a r l y  p r o p o r t i o n a l  
t o  2 C ,  i n  t h e  Mooney-Rivlin equation** t h a n  t o  t h e  e q u i l i b r i u m  modulus.  
-
S i n c e  t h e  F ( 1 )  v a l u e s  do n o t  becone 
-
Although t h i s  behav io r  may r e f l e c t  t h e  
V h e  1-minute i s o c h r o n a l  s t r e s s - s t r a i n  d a t a  were r e a d  from t h e s e  p l o t s .  
++*A d i s c u s s i o n  of e q u i l i b r i u m  and time-dependent s t r e s s - s t r a i n  d a t a  and 
a l s o  of methods f o r  e s t i m a t i n g  c r o s s l i n k  d e n s i t y  a r e  g iven  i n  t h e  i n i t i a l  















































AT TEMPERATURES BETWEEN 125 and 185'C 











































(a )Obta ined  from s l o p e  of p l o t s  of l L ~  v s .  A - 1  p r e p a r e d  from 1- 
minute s t r e s s - s t r a i n  d a t a  f r o m  t e n s i l e  tes ts  made a t  c o n s t a n t  
e x t e n s i o n  r a t e s .  
duced.  ) 
(b 'Values n o t  h i g h l y  p r e c i s e  s i n c e  t h e y  a r e  o b t a i n e d  from d a t a  
a t  e l o n g a t i o n s  less  t h a n  30$. A t  h i g h e r  e x t e n s i o n s ,  s p e c i -  
mens e i t h e r  broke  or  t h e  p l o t  of ho v s .  A-1  became n o n l i n e a r .  
because  of i t s  l o w  e x t e n s i b i l i t y .  
smal l  e l o n g a t i o n s .  
(bfociulus v a l u e s  a r e  n o t  tempera ture  re- 
-
("Tests  were n o t  made on t h i s  h i g h l y  c r o s s l i n k e d  m a t e r i a l  
( d ) S t r e s s - s t r a i n  d a t a  n o t  analyzed because  specimens b r o k e  a t  
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(Values  of 2C1 were d e r i v e d  from t h e  s t r e s s - s t r a i n  d a t a ,  b u t  t h e s e  w e r e  
n o t  s e n s i b l y  independent  of tempera ture  a s  was found p r e v i o u ~ l y ~ , ~  f o r  
a ser ies  of Viton A-HV (hydrof luorocarbon)  v u l c a n i z a t e s  . Thus , it d i d  
n o t  s e e m  a p p r o p r i a t e  t o  assume t h a t  2C, a t  a a r b i t r a r i l y  s e l e c t e d  t e m -  
p e r a t u r e  i s  p r o p o r t i o n a l  t o  t h e  c r o s s l i n k  d e n s i t y . )  However, i f  t h e  
modulus i s  i n  f a c t  more n e a r l y  p r o p o r t i o n a l  t o  t h e  c r o s s l i n k  d e n s i t y  
t h a n  i s  2C, , t h e n  t h e  time-dependent modulus ( e . g . ,  a t  165OC) which re- 
f l e c t s  t h e  r e s p o n s e  of b o t h  p h y s i c a l  en tanglements  and permanent c h a i n s  
i n  a network should  b e  used a s  a c h a r a c t e r i s t i c  parameter  i n  c o r r e l a t i n g  
c e r t a i n  t y p e s  of d a t a  ( e . g . ,  maximum e x t e n s i b i l i t y )  w i t h  network charac-  
t e r i s t i c s ,  whereas t h e  equi l ibr ium modulus should  b e  used i n  making o t h e r  
t y p e s  of c o r r e l a t i o n s .  
The r e s u l t s  i n  Table  I1 show t h a t  t h e  modulus f o r  t h e  two uncross-  
l i n k e d  PMMA polymers ( L o t s  1 and 9 )  a t  1653C ( a l s o  a t  145 and 135'C) i s  
n e a r l y  t h e  same a s  t h o s e  f o r  t h e  c r o s s l i n k e d  polymers Lots  1 7 ,  18, and 
2 ,  and L o t s  19,  20 ,  and 10. The modulus of u n c r o s s l i n k e d  P W  r e s u l t s  
from a t r a n s i e n t  entanglement network; t h e  r a t h e r  s h a r p  r e d u c t i o n  i n  
modulus i n  p a s s i n g  from 165 t o  185'C r e f l e c t s - - a t  l e a s t  i n  l a r g e  measure-- 
t h e  s l i p p a g e  of en tanglements .  If such a network a l s o  c o n t a i n s  chemical 
(pr imary  v a l e n c e  bond)  c r o s s l i n k s  which by themselves  g i v e  a n  e q u i l i b r i u m  
modulus which i s  c o n s i d e r a b l y  l e s s  t h a n  t h e  modulus f o r  t h e  entanglement  
ne twork ,  t h e n  t h e  r e s p o n s e  of t h e  e n t a n g l e m e n t  n e t w o r k  w i l l  
overshadow t h a t  of t h e  c h e m i c a l  network and t h e  observed modulus w i l l  
b e  t h a t  f o r  t h e  entanglement network.  T h i s  behavior  w i l l  b e  observed 
u n l e s s  d a t a  a r e  o b t a i n e d  a t  an exper imenta l  t i m e  which i s  l o n g e r  t h a n  
t h e  t i m e  r e q u i r e d  f o r  r e l a x a t i o n  of t h e  e n t a n g l e d  c h a i n s .  For t h e  P W  
samples ,  t h i s  r e q u i r e d  t i m e  may be v e r y  l o n g  and chemical  d e g r a d a t i o n  
may b e g i n  b e f o r e  e n t a n g l e d  c h a i n s  r e l a x  c o m p l e t e l y .  
These c o n s i d e r a t i o n s  p o i n t  up t h e  d i f f i c u l t y  i n  d e c i d i n g  whether  
v i s c o e l a s t i c  r e l a x a t i o n  or chemical d e g r a d a t i o n  i s  t h e  pr imary cause  f o r  
t h e  modulus v a l u e s  b e i n g  lower a t  185 t h a n  a t  165OC. 
i n  r e t r o s p e c t  t h a t  an  answer could probably  have been o b t a i n e d  by pro-  
c u r i n g  p r e c i s e  s t r e s s - s t r a i n - t i m e  d a t a  i n  t h e  vacuum re laxometer  a t  
t e m p e r a t u r e s  above 1653C.)  The c o n s i d e r a t i o n s  of t h e  entanglement  network 
( I t  is a p p a r e n t  
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a l s o  e x p l a i n  why t h e  moduli  f o r  Lots  1 7 ,  18, 2 ,  19, 20 ,  and 10 a r e  a l -  
m o s t  i d e n t i c a l  w i t h  t h a t  for t h e  u n c r o s s l i n k e d  P W .  Unless t h e  c h a i n s  
i n  t h e  chemical  network have a lower molecular  weight  t h a n  t h o s e  i n  
t h e  entanglement  network,  a curve g i v e n  by a p l o t  of modulus a g a i n s t  
t e m p e r a t u r e  (or modulus a g a i n s t  t i m e )  w i l l  have e i t h e r  a p l a t e a u ,  or 
r e g i o n  of s lowly  changing s l o p e  which l i e s  above t h e  e q u i l i b r i u m  modulus. 
I n  o t h e r  words,  t h e  o v e r - a l l  glass- to-rubber  t r a n s i t i o n  c o n t a i n s  t w o  
d i s p e r s i o n s :  t h e  second is t h e  t r a n s i t i o n  from t h e  q u a s i - e q u i l i b r i u m  
modulus of t h e  entanglement network t o  t h e  e q u i l i b r i u m  modulus. I t  
shouldbe emphasized, however, t h a t  t h e  e q u i l i b r i u m  modulus i s  determined 
by t h e  e q u i l i b r i u m  response  of cha ins  formed from b o t h  chemical cross- 
l i n k s  and permanent entanglement  coup1 i n g s .  
Except f o r  s e v e r a l  of t h e  m o s t  t i g h t l y  c r o s s 1  inked PMMA polymers , 
t h e  d a t a  i n  Table  I1 i n d i c a t e  t h a t  t h e  molecular  weight  of c h a i n s  between 
entanglement  p o i n t s  i s  less t h a n  t h a t  of c h a i n s  which t e r m i n a t e  i n  chemi- 
c a l  j u n c t i o n  p o i n t s .  The u n c r o s s l i n k e d  PMMA has  a 1-minute modulus of 
270 p s i  a t  165°C; t h i s  f o r m a l l y  cor responds  t o  v = 1 . 7  x 
or a molecular  weight  of about  7000. (The molecular  weight  g i v e n  by  
F e r r y 5  i n  h i s  Table  13-11 i s  8600-10,000, i n  f a i r  agreement w i t h  t h e  
p r e s e n t  rough e s t i m a t e . )  The va lue  v = 1 . 7  x lov4 is g r e a t e r  t h a n  
t h o s e  c a l c u l a t e d  from t h e  c r o s s l i n k e r  c o n c e n t r a t i o n  (Table  I )  except  
f o r  Lots  4 ,  5 ,  and 1 2 .  I n  conformity w i t h  t h i s  o b s e r v a t i o n ,  t h e  modulus 
of o t h e r  L o t s  of PhlM.4 a r e  not  markedly g r e a t e r  t h a n  t h a t  f o r  t h e  uncross-  
l i n k e d  PMMA; however, f o r  L o t s  3 and 11, t h e  chemical  c r o s s l i n k s  have 
e f f e c t e d  a modest i n c r e a s e  (25-60$)  i n  t h e  modulus a t  165'C. 
mole/ml, e 
e 
C .  E q u i l i b r i u m  S w e l l i n g ,  C r o s s l i n k e r  C o n c e n t r a t i o n ,  
and Modulus 
The network i n  a polymer swollen t o  e q u i l i b r i u m  i s  under  a t r i a x i a l  
t e n s i l e  d e f o r m a t i o n .  During s w e l l i n g ,  some e n t a n g l e d  c h a i n s  which con- 
t r i b u t e  t o  t h e  1-minute modulus a t  165OC w i l l  b e  d i s e n t a n g l e d ;  o t h e r s  
cannot  b e  d i s e n t a n g l e d ,  because  of t h e  t o p o l o g i c a l  arrangement  of c h a i n s ,  
and w i l l  f u n c t i o n  as  e f f e c t i v e  cha ins  i n  t h e  swol len  network.  Thus,  
should  b e  r e l a t e d  somewhat m o r e  c losely t o  (u ) t h a n  t o  t h e  ("e ch  e s w  
9 
1-minute modulus a t  165OC. 
however. ) 
(The  r e l a t i o n  may be o n l y  s l i g h t l y  b e t t e r ,  
T h i s  e x p e c t a t i o n  i s  s u b s t a n t i a t e d  by d a t a  i n  T a b l e s  I and I1 which 
w e r e  used t o  p r e p a r e  t h e  plot*Of l o g  (v vs  . l o g  ( v ~ ) ~ ~  i n  F i g .  1. e ' s w  - 
I I 1.8 
I .4 
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F I G .  1 P L O T  OF LOG ( I , ~ ) ~ ~  VS.  
POLYMERS.  (Numbers in parentheses are values of F(1) at 165°C; ( v ~ ) ~ ~  is  
from the crosslinker concentration and ( v ~ ) ~ ~  is  from equilibrium swel l ing data. )  
LOG ( v ~ ) ~ ~  F O R  CROSSLINKED P M W  
I n  t h i s  f i g u r e ,  t h e  c i r c l e s  and squares  r e p r e s e n t  r e s u l t s  from s w e l l i n g  
measurements i n  1 ,2-d ich loroe thane  and ch loroform,  r e s p e c t i v e l y ;  shaded 
and open symbols r e p r e s e n t  t h e  d a t a ,  r e s p e c t i v e l y ,  f o r  t h e  EDMA- and 
HDMA-crosslinked polymers.  (The members i n  t h e  p a r e n t h e s e s  below t h e  
symbols a r e  v a l u e s  of F ( 1 )  from Table 11.) The d o t t e d  l i n e  i n  F i g .  1 
shows t h a t  a l i n e a r  r e l a t i o n  e x i s t s  ( a p p r o x i m a t e l y )  between and 
a t  t h e  l a r g e r  v a l u e s  of (v ) ('e )ch e c h '  
i s  a s lowly  i n c r e a s i n g  f u n c t i o n  of (v ) 
At t h e  s m a l l e r  v a l u e s  of ( v ~ ) ~ ~ ,  
e c h '  
-he d e s i g n a t i o n  ( v ~ ) ~ ~  is  somewhat i n a p p r o p r i a t e  s i n c e  t h i s  q u a n t i t y  i s  
t h e  expec ted  number of chemical c h a i n s  and n o t  t h e  e f f e c t i v e  o n e s .  
10 
F i g u r e  2 shows a p l o t  of l o g  (v ) 
e sw 
v s .  log F ( 1 ) ,  where F ( 1 )  i s  t h e  e s w  - 
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FIG. 2 PLOT OF LOG ( v ~ ) ~ ~  VS.  LOG F(1), WHERE 
F(1) IS THE 1-MINUTE MODULUS AT 165°C 
from s w e l l i n g  i n  t h e  two s o l v e n t s .  The d o t t e d  v e r t i c a l  l i n e  i s  t h e  
modulus (en tanglement )  f o r  uncross l inked  PMMA a t  1 6 5 O C ;  t h e  d o t t e d  l i n e  
of u n i t  s l o p e  shows t h a t  a l i n e a r  r e l a t i o n  e x i s t s  between F ( 1 )  and 
a t  h i g h  c r o s s l i n k  d e n s i t i e s .  A t  l o w  c r o s s l i n k e r  c o n c e n t r a t i o n s ,  
i n c r e a s e s  about  2 . 5 - f o l d  w h i l e  F(l) is s e n s i b l y  c o n s t a n t .  T h i s  
b e h a v i o r  shows t h a t  c e r t a i n  c h a i n  en tanglements  which a f f e c t  F ( 1 )  a r e  
d i s r u p t e d  d u r i n g  s w e l l i n g ;  t h e  number which a r e  d i s r u p t e d  i n c r e a s e s  w i t h  
a d e c r e a s e  i n  t h e  c r o s s l i n k e r  c o n c e n t r a t i o n .  
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111 DEGRADATION BY CREMORHEOLOGICAL METHODS 
Degradation of PMMA i n  b o t h  atmospheric  and vacuum environments  
was s t u d i e d  by u s i n g  t h e  cont inuous and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  
t e c h n i q u e  o r i g i n a t e d  by Tobolsky.'  
t h e  stress on each of t w o  specimens,  one of which i s  extended t o  t h e  
d e s i r e d  s t r a i n  throughout  t h e  experiment and t h e  o t h e r  is  extended  t o  
t h e  same s t r a i n  but  on ly  f o r  short  i n t e r v a l s  d u r i n g  t h e  t e s t  (between 
i n t e r v a l s ,  t h e  specimen remains i n  a n  u n s t r e s s e d  s t a t e ) .  I f  t h e  tes t  
t e m p e r a t u r e  i s  above t h a t  a t  which v i s c o e l a s t i c  s t r e s s - r e l a x a t i o n  o c c u r s ,  
t h e  stress on t h e  c o n t i n u o u s l y  extended sample i s  commonly assumed t o  b e  
p r o p o r t i o n a l  t o  t h e  number of e f f e c t i v e  network c h a i n s .  Thus,  stress- 
decay d a t a  g i v e  a d i r e c t  measure of t h e  r e l a t i v e  number of e f f e c t i v e  
c h a i n s  broken;  any c r o s s l i n k s  which form d u r i n g  d e g r a d a t i o n  w i l l  b e  i n  
t h e i r  u n s t r a i n e d  s t a t e  and w i l l  t h e r e f o r e  n o t  c o n t r i b u t e  t o  t h e  stress 
i n  a c o n t i n u o u s l y  extended sample.  On t h e  o t h e r  hand,  t h e  stress observed 
i n  a n  i n t e r m i t t e n t l y  ex tended  sample r e f l e c t s  c o n t r i b u t i o n s  not o n l y  from 
t h e  network c h a i n s  o r i g i n a l l y  p r e s e n t  b u t  a l s o  from newly formed c h a i n s .  
By a n a l y z i n g  t h e  r e s u l t s  from cont inuous  and i n t e r m i t t e n t  tes ts ,  r a t e  
d a t a  f o r  b o t h  r u p t u r e  and format ion  of c h a i n s  can b e  d e r i v e d .  
The t e c h n i q u e  c o n s i s t s  of measuring 
While primary emphasis was placed on de termining  t h e  s t a b i l i t y  of 
t h e  c r o s s l i n k e d  PMMA polymers ( P o l y c a s t )  under vacuum c o n d i t i o n s ,  some 
tes ts  were made under normal a tmospheric  c o n d i t i o n s ,  a s  w e l l  a s  i n  a 
hel ium atmosphere,  t o  p r o v i d e  comparat ive d a t a  and supplementary informa- 
t i o n  about  polymer c h a r a c t e r i s t i c s .  S e v e r a l  tests w e r e  a l s o  made on an 
u n c r o s s l i n k e d  PMMA polymer under  vacuum c o n d i t i o n s .  
A .  Degradat ion Under Atmospheric C o n d i t i o n s  
An a p p a r a t u s  d e s c r i b e d  e l ~ e w h e r e ' ) ~  was used f o r  t h e  c o n t i n u o u s  
and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  tes ts .  I t  c o n t a i n s  two l o a d  c e l l s  
mounted on a framework which i s  immersed i n  an a i r  t h e r m o s t a t  d u r i n g  a 
t e s t .  The a p p a r a t u s  was modi f ied  so  t h a t  tes ts  could  be made on r i n g -  
shaped specimens,  p repared  a s  d i s c u s s e d  i n  Appendix 11. The t e s t  
12 
. procedure  was e s s e n t i a l l y  t h e  same a s  t h a t  for t h e  vacuum re l axomete r  
(seeAppendix I and S e c t i o n  111-B). One procedura l  d i f f e r e n c e  i s  t h a t  
specimens a t t a i n e d  t h e  d e s i r e d  tempera ture  and a t es t  was begun about  
30 minu tes  a f t e r  t h e  framework and specimens were i n s e r t e d  i n  t h e  a i r  
t h e r m o s t a t ;  w i t h  t h e  vacuum re l axomete r ,  t h e  co r re spond ing  p e r i o d  was 
abou t  2 h o u r s .  
I 
T e s t s  on modera te ly  c r o s s l i n k e d  m a t e r i a l s ,  Lots  2 and 3, showed 
t h a t  specimens under  s t r a i n s  above about  20% t e n d  t o  r u p t u r e ,  e i t h e r  
immediately upon e x t e n s i o n  o r  du r ing  a t e s t .  Accord ing ly ,  a s t r a i n  of 
about  10% ( n e a r  t h e  p r a c t i c a l  lower l i m i t  f o r  stress r e l a x a t i o n )  was 
used  i n  a l l  subsequent  tests made w i t h  e i t h e r  t h e  vacuum or a i r  r e l a x -  
ome te r s .  
I I I 
The f i r s t  tes ts  were made a t  200'C b u t  d e g r a d a t i o n  occur red  t o o  
r a p i d l y  t o  be  fo l lowed conven ien t ly ;  a l l  subsequent  tests w e r e  made a t  
abou t  182OC. F i g u r e  3 shows t h e  cont inuous  s t r e s s - r e l a x a t i o n  d a t a  f o r  
Lot 2 a t  185 and 200"C, a s  w e l l  a s  for Lot 3 a t  1 8 l o C ,  on p l o t s  of 
f ( t ) / f ( O )  v s .  log t ,  where f ( t )  i s  the r e t r a c t i v e  f o r c e  a t  t i m e  t ,  and -
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FIG. 3 CONTINUOUS STRESS-RELAXATION DATA ON CROSSLINKED 
PMMA IN AIR. (Lot 2 at 185 and 200°C and lot 3 at  181 "C.) 
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f (0) i s  t h e  r e t r a c t i v e  f o r c e  a t  the beg inn ing  of t h e  exper iment .  
2OO5C t h e  s t r e s s  r e l a x e s  completely i n  about  2 . 5  hours ,  whereas a t  t h e  
lower  t empera tu re  about 6 hours  i s  r e q u i r e d  f o r  comple te  r e l a x a t i o n .  
A t  
Both t h e  con t inuous  and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  d a t a ,  ob- 
t a i n e d  on Lo t s  2 ,  3 ,  10, and 11, were found t o  be p r a c t i c a l l y  i d e n t i c a l ,  
a s  i l l u s t r a t e d  i n  F i g .  4 f o r  Lo t s  3 and 11. T h i s  behav io r  was found 
r e g a r d l e s s  of whether  EDlMA (Lo t s  2 and 3) or HDMA (Lo t s  10 and 11) was 
t h e  c r o s s l i n k i n g  a g e n t .  
The tes ts  showed t h a t  t h c  deg rada t ion  r a t e  does n o t  depend on t h e  
type  of c r o s s l i n k i n g  a g e n t .  Lo t s  3 and 11 a r e  c r o s s l i n k e d  t o  comparable 
d e g r e e s  w i t h  EDMA and HDMA, r e s p e c t i v e l y ;  t h e  cu rves  i n  F i g .  4 a r e  
e s s e n t i a l l y  i d e n t i c a l .  T e s t s  on t h e  more l i g h t l y  c r o s s l i n k e d  m a t e r i a l s  
a l s o  showed t h a t  t h e  r e l a x a t i o n  ( d e g r a d a t i o n )  r a t e  i s  independent  of t h e  
type  of c r o s s l i n k i n g  m a t e r i a l .  
The e f f e c t  of c r o s s l i n k  d e n s i t y  i s  shown i n  F i g .  5 ,  which p r e s e n t s  
a l l  con t inuous  s t r e s s - r e l a x a t i o n  da ta  a t  182OC. 
con t inuous  d a t a  a r e  i d e n t i c a l ,  only t h e  con t inuous  d a t a  a r e  shown.)  
S i n g l e  l i nes  a r e  drawn through d a t a  f o r  samples  hav ing  s i m i l a r  deg rees  
of c r o s s l i n k i n g .  The r e s u l t s  show t h a t  t h e  t i m e  r e q u i r e d  f o r  t h e  f o r c e  
t o  become z e r o  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  t h e  c r o s s l i n k  d e n s i t y .  
(S ince  i n t e r m i t t e n t  and 
For  most of t h e  cu rves  i n  F i g .  5 ,  f ( t ) / f  (0) does n o t  equa l  u n i t y  a t  
one minu te .  Because v i scous  r e l a x a t i o n  occur red  when t h e  specimens w e r e  
f i r s t  ex tended  and because  t h e  deg rada t ion  began r e l a t i v e l y  soon ,  i t  was 
n o t  p o s s i b l e  t o  s e p a r a t e  t h e  two e f f e c t s .  Consequent ly ,  f ( 0 )  f o r  t h e  
p l o t s  was equa ted  t o  t h e  f o r c e  observed when a specimen was f i r s t  ex t ended ,  
and t h u s  f (0) is  n o t  an i n i t i a l  e q u i l i b r i u m  r e t r a c t i v e  f o r c e .  
A f t e r  a l l  a tmospher ic  t es t s ,  ev idence  of e x t e n s i v e  d e g r a d a t i o n  was 
v i s u a l l y  obse rved ;  t h e  specimens were s l i g h t l y  d i s c o l o r e d ,  q u i t e  f r i a b l e ,  
and f i l l e d  w i t h  sma l l  b u b b l e s .  When specimens w e r e  n o t  removed immediately 
from t h e  r e l axomete r  f o l l o w i n g  a t e s t ,  t h e y  o f t e n  me l t ed  i n t o  a p i l e  on 
t h e  lower hook t h a t  s u p p o r t s  t h e  specimen. These c h a r a c t e r i s t i c s  pre-  
c luded  a d e t e r m i n a t i o n  of t h e  w e i g h t  d e c r e a s e  which accompanies degrada-  
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FIG. 4 CONTINUOUS AND INTERMITTENT STRESS-RELAXATION DATA 
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FIG. 5 CONTINUOUS STRESS-RELAXATION DATA ON EIGHT DIFFERENT 
CROSSLINKED PMMA POLYMERS IN AIR AT 182°C 
The a tomspher ic  tes ts  show t h a t  t h e  EDMA- and HDMA-crosslinked 
polymers degrade  a t  t h e  same r a t e ;  t h e  r a t e  d e c r e a s e s  w i t h  an  i n c r e a s e  
i n  c r o s s l i n k  d e n s i t y  and i s  q u i t e  r a p i d  a t  18O-20O3C. 
i d e n t i t y  of t h e  c o n t i n u o u s  and i n t e r m i t t e n t  d a t a  i n d i c a t e s  t h a t  c h a i n s  
o n l y  b r e a k  d u r i n g  t h e  d e g r a d a t i o n .  Although t h e  r e s u l t s  do n o t  p r e c l u d e  
t h e  p o s s i b i l i t y  t h a t  a few c h a i n s  may form d u r i n g  d e g r a d a t i o n ,  t h i s  
p o s s i b i l i t y  is an u n l i k e l y  one .  Because b u b b l e s  formed i n  degrading  
specimens,  t h e  d a t a  a r e  n o t  s u f f i c i e n t l y  meaningful  t o  m e r i t  a k i n e t i c  
a n a l y s i s .  
The observed 
B .  Degradat ion i n  a Vacuum Environment 
1. Apparatus  and Experimental  Procedures  
To s t u d y  d e g r a d a t i o n  i n  vacuum a t  e l e v a t e d  t e m p e r a t u r e s ,  a s p e c i a l  
re laxometer  was c o n s t r u c t e d  whjch a l l o w s  cont inuous  and i n t e r m i t t e n t  
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r e l a x a t i o n  d a t a  t o  b e  o b t a i n e d  s imul taneous ly  on specimens under i d e n t i -  
c a l  environments .  (Appendix I g ives  a d e t a i l e d  d e s c r i p t i o n  of t h e  appa- 
r a t u s  and o p e r a t i o n a l  p r o c e d u r e s . )  I n  e s s e n c e ,  t h e  a p p a r a t u s  c o n t a i n s  
t h r e e  l o a d  s t a t i o n s  mounted beneath a b r a s s  p l a t e ,  through which pass  
c o n n e c t i n g  r o d s  f o r  ex tending  t h e  t h r e e  specimens.  Although only  t w o  
specimens a r e  r e q u i r e d  f o r  t h e  cont inuous and i n t e r m i t t e n t  measurements,  
t h e  t h i r d  specimen was used i n  making v a r i o u s  p r e l i m i n a r y  ad jus tments  
b e f o r e  a t es t  was begun. The load  s t a t i o n  assembly i s  covered by a 
c y l i n d r i c a l  copper  housing t o  form a vacuum chamber. 
The vacuum chamber was heated by immersing i t  i n  a l i q u i d  s a l t  b a t h  
which c o u l d  b e  t h e r m o s t a t i c a l l y  c o n t r o l l e d  t o  k l ° C  a t  25OoC. 
c o u p l e s  embedded w i t h i n  a specimen mounted i n  t h e  vacuum chamber under 
l e s s  t h a n  1 micron p r e s s u r e  showed t h a t  t h e  maximum tempera ture  d i f f e r e n c e  
a l o n g  a specimen was l ess  t h a n  1 ° C .  During a l l  t e s t s ,  t h e  tempera ture  i n  
t h e  chamber was monitored by s e v e r a l  thermocouples ,  each  embedded i n  a 
s m a l l  p i e c e  of PMMA, p l a c e d  i n  t h e  v i c i n i t y  of t h e  test  specimens.  The 
t e m p e r a t u r e  remained remarkably c o n s t a n t ;  i t  v a r i e d  by less t h a n  a few 
t e n t h s  of a d e g r e e ,  a l t h o u g h  d u r i n g  a t es t  l a s t i n g  s e v e r a l  days ,  t h e  t e m -  
p e r a t u r e  no t  uncommonly d r i f t e d  by one or two d e g r e e s .  
Thermo- 
The vacuum i n  t h e  chamber, maintained by a mechanical  forepump and 
an o i l  d i f f u s i o n  pump, was dependent on t h e  o u t g a s s i n g  r a t e  of t h e  s p e c i -  
mens and t h u s  on t h e  tempera ture  and t h e  c h a r a c t e r i s t i c s  of the  m a t e r i a l  
b e i n g  t e s t e d .  T e s t  d a t a  were o b t a i n e d  a t  about 1 micron or less.  
A f t e r  specimens were mounted i n  t h e  chamber, vacuum was a p p l i e d  
o v e r n i g h t ,  and t h e n  t h e  chamber was immersed i n  t h e  l i q u i d  b a t h .  Relaxa- 
t i o n  tests w e r e  begun a f t e r  about t w o  hours--the p e r i o d  r e q u i r e d  t o  
e s t a b l i s h  thermal  e q u i l i b r i u m  i n  t h e  vacuum chamber. During t h i s  h e a t i n g  
p e r i o d ,  t h e  specimens probably  were thoroughly  degassed .  
Ring-shaped specimens ( o u t s i d e  and i n s i d e  d i a m e t e r s ,  1.20 and 1.10 
i n c h e s ,  and 0.035-0.045 i n c h  t h i c k )  w e r e  t e s t e d  a t  about  10% extension--a  
v a l u e  i n d i c a t e d  by t h e  atmospheric  t e s t s  a s  l i k e l y  t o  be below t h e  r u p t u r e  
s t r a i n  f o r  specimens of a l l  c r o s s l i n k  d e n s i t i e s .  The s t r a i n  was c a l c u -  
l a t e d  f r o m  t h e  i n s i d e  d iameter  of t h e  r i n g  a t  room t e m p e r a t u r e  and t h e  
17 
p o s i t i o n  of t h e  connec t ing  r o d  a f t e r  a specimen was ex tended .  Because 
i t  was d i f f i c u l t  t o  account  p r e c i s e l y  f o r  t h e  thermal  expansion of a l l  
a p p a r a t u s  components and because  of t h e  compliance of t h e  l o a d  c e l l s ,  t h e  
s t r a i n  was n o t  ob ta ined  p r e c i s e l y .  However, p r e c i s e  s t r a i n  d a t a  were 
n o t  r e q u i r e d  s i n c e  r e l a x a t i o n  resu l t s  a r e  independent  of s t r a i n ,  except  
p o s s i b l y  a t  ve ry  l a r g e  s t r a i n s .  Specimens were normal ly  weighed b e f o r e  
and a f t e r  t e s t s  t o  de t e rmine  weight losses which accompany d e g r a d a t i o n .  
1 
- I O  Z l I  
0 9  
t 
2 .  
F i g u r e  6 shows t h e  cont inuous  and i n t e r m i t t e n t  r e l a x a t i o n  d a t a  on 
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0 - LOT 3, 224°C - i? C' 
Lot  3 (EDMA c r o s s l i n k e d )  i n  vacuum a t  182, 201, and 224'C and on Lot  11 
(HDhLA c r o s s l i n k e d )  a t  2 2 3 ' C .  
a tmospher ic  t e s t s ,  t h e  stress d i d  n o t  r e l a x  i n  specimens d u r i n g  p e r i o d s  
up t o  1000 minutes  a t  t h e  e l e v a t e d  t e m p e r a t u r e s .  
t h a t  some d e g r a d a t i o n  occur red  a t  t i m e s  g r e a t e r  t h a n  1000 minu tes .  The 
s l i g h t  i n c r e a s e  of f ( t ) / f  (0)  observed d u r i n g  some tes ts  cannot  be r e a l  
f o r  t h e  con t inuous  da t a  and t h u s  the  i n c r e a s e  i s  a t t r i b u t e d  t o  r e c o r d e r  
d r i f t .  
I n  sha rp  c o n t r a s t  t o  r e s u l t s  from t h e  
Data on Lot  11 sugges t  
The t roublesome p r o p e n s i t y  f o r  t h e  more h i g h l y  c r o s s l i n k e d  samples  
I CROSSLINKED PMMA IN VACUUM I 
-I 0 I 2 3 4 
iog t ,  m i n u t e s  
TB-4520-7 
FIG. 6 CONTINUOUS AND INTERMITTENT STRESS- 
RELAXATION DATA ON CROSSLINKED PMMA 
IN VACCUM (Lot 3 at 182, 201, and 224°C 
and Lot  11 a t  223°C) 
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t o  b r e a k  d u r i n g  a t e s t  ( l a t e r  found t o  b e  more pronounced a t  h i g h e r  t e m -  
p e r a t u r e s )  i s  i l l u s t r a t e d  i n  F i g .  6 by t h e  cont inuous  d a t a  on L o t  3 a t  
224'C and Lot  11 a t  223'C. 
The s t a b i l i t y  i n  a vacuum environment (about  1 micron)  undoubtedly 
r e s u l t s  p r i m a r i l y  from t h e  absence of oxygen .  To e v a l u a t e  a n o t h e r  
envi ronment ,  a test was made on Lot 2 under 1 atmosphere of hel ium a t  
222OC. A f t e r  i n s t a l l i n g  specimens i n  t h e  a p p a r a t u s ,  t h e  chamber was 
e v a c u a t e d  a t  room tempera ture  and t h e n  f i l l e d  w i t h  hel ium; t h i s  procedure  
was r e p e a t e d  t h r e e  t i m e s .  The chamber was t h e n  immersed i n  t h e  h e a t e d  
t h e r m o s t a t  and t h e  tes t  conducted i n  t h e  normal manner w h i l e  m a i n t a i n i n g  
a s l i g h t  p o s i t i v e  p r e s s u r e  of helium. The r e s u l t s  i n  F i g .  7 show t h a t  
n e i t h e r  t h e  cont inuous  n o r  i n t e r m i t t e n t  stress changed d u r i n g  a 110-hour 
p e r i o d  . 
Data f o r  comparison w i t h  those  from t h e  test made under t h e  he l ium 
atmosphere were o b t a i n e d  on Lot 2 a t  227'C under  vacuum c o n d i t i o n s .  
F i g u r e  7 shows t h a t  b o t h  t h e  cont inuous  and i n t e r m i t t e n t  stress d e c r e a s e d  
somewhat a f t e r  about  1000 minutes  under  vacuum, i n  c o n t r a s t  t o  t h e  be-  
h a v i o r  i n  t h e  hel ium atmosphere.  I t  i s  n o t  known whether  t h i s  s l i g h t l y  
d i s s i m i l a r  behavior  r e s u l t s  from t h e  vacuum t e s t  b e i n g  made a t  a 5OC 
h i g h e r  tempera ture  t h a n  t h e  one in  a hel ium atmosphere or from t h e  oxygen 
c o n c e n t r a t i o n  b e i n g  d i f f e r e n t  d u r i n g  t h e  t w o  t e s t s .  I t  i s  of i n t e r e s t ,  
however, t h a t  d u r i n g  t h e  hel ium test  t h e  weight  of t h e  specimen d e c r e a s e d  
by 7 . 5 % ,  whereas d u r i n g  t h e  vacuum t e s t  i t  d e c r e a s e d  by 27%. 
s i m i l a r  behavior  may r e s u l t  f r o m  t h e  decomposi t ion p r o d u c t s  b e i n g  removed 
more r a p i d l y  f r o m  a specimen i n  t h e  vacuum environment .  
T h i s  d i s -  
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FIG. 7 CONTINUOUS AND INTERMITTENT STRESS-RELAXATION DATA 
ON CROSSLINKED PMMA (Lot2) IN VACUUM AT 227°C AND UNDER 
AN ATMOSPHERE OF HELIUM AT 222°C 
Because t h e  stress i n  t h e  PMllA polymers d i d  n o t  decay s i g n i f i c a n t l y  
d u r i n g  t es t s  a t  2 2 5 " C ,  t e s t s  were made a t  about  2 4 5 ° C .  A t  t h i s  tempera- 
t u r e ,  d e g r a d a t i o n  does indeed o c c u r ,  a s  i l l u s t r a t e d  by d a t a  i n  F i g .  8 on 
L o t s  2 and 10, a l though t h e  specimens broke  b e f o r e  t h e  stress had de- 
c r e a s e d  by a l a r g e  amount. The r e s u l t s  i n  F i g .  8 ,  a s  w e l l  a s  t h o s e  ( n o t  
shown) on L o t s  3 and 11 a l s o  a t  246OC, show t h a t  t h e  cont inuous  and i n t e r -  
m i t t e n t  d a t a  a r e  s e n s i b l y  i d e n t i c a l ,  a c h a r a c t e r i s t i c  shown by d a t a  from 
a tmospher ic  tests ( S e c t i o n  1 1 1 - A ) .  F i g u r e  9 shows t h e  cont inuous  d a t a  a t  
about  245 'C f o r  t h e  f o u r  EDMA-crosslinked samples ,  L o t s  17 ,  18, 2 ,  and 3, 
i n  o r d e r  of i n c r e a s i n g  d e g r e e  of c r o s s l i n k i n g .  Data for t h e  c o r r e s p o n d i n g  
HDMA-crosslinked samples (Lots  1 9 ,  20 ,  10, and 11), shown i n  F i g .  10,  a r e  
s i m i l a r ,  a l t h o u g h  not  q u a n t i t a t i v e l y  s u p e r p o s a b l e  w i t h  t h o s e  i n  F i g .  9 .  
During t h e  t e s t s  a t  about  245'C, t h e  specimens showed a pronounced 
Specimens from tendency t o  b r e a k ,  even though the  s t r a i n  was o n l y  10%. 
20 
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FIG. 8 CONTINUOUS AND INTERMITTENT 
STRESS-RELAXATION DATA ON 
CROSSLINKED PMMA IN VACUUM 
AT 246°C (Lots 2 and 10) 
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CONTINUOUS STRESS RELATION 
OF EDMA-CROSSLINKED PMMA IN VACUUM 
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FIG. 9 CONTINUOUS STRESS-RELAXATION DATA ON CROSSLINKED PMMA 
IN VACUUM AT ABOUT 245°C (EDMA-Crosslinked Polymers, Lots 2, 
3, 17, and 18) 
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CONTINUOUS STRESS RELATION 










/LOT I1 (246'C) 
LOT I O  (246°C) - 
X BROKE 
LOT 2 0  (247OC 







l og  t ,  m i n u t e s  
3 4 
T I -  4 520- I7 
FIG. 10 CONTINUOUS STRESS-RELAXATION DATA ON CROSSLINKED PMMA 
IN VACUUM AT ABOUT 245°C (HDMA-Crosslinked Polymers, Lo ts  10, 
11, 19, and 20) 
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L o t s  3 and 11 broke  soon a f t e r  t h e  tes ts  began and b e f o r e  degrading  
a p p r e c i a b l y ;  t h o s e  from t h e  somewhat l e s s  t i g h t l y  c r o s s l i n k e d  Lots  2 
and 10 broke  a f t e r  l o n g e r  p e r i o d s  b u t  s t i l l  b e f o r e  degrading  e x t e n s i v e l y .  
However, specimens from t h e  s t i l l  more l i g h t l y  c r o s s l i n k e d  L o t s  18 and 
20 d i d  n o t  b r e a k ,  and d a t a  w e r e  ob ta ined  u n t i l  t h e  stress became a lmost  
z e r o .  The most l i g h t l y  c r o s s l i n k e d  polymers,  L o t s  17 and 19, behaved 
anomalously i n  t h a t  specimens broke b e f o r e  t h e  tests were completed.  
However, r e p e a t  r u n s  on specimens from Lots  18, 20, 1 7 ,  and 19 gave t h e  
same r e s u l t s  a s  t h o s e  shown i n  F i g s .  9 and 10. The r u p t u r e  of t h e  l i g h t l y  
c r o s s l i n k e d  Lots  17 and 19 may b e  r e l a t e d  t o  t h e  l a r g e  and r e l a t i v e l y  r a p i d  
weight  losses which o c c u r r e d  during t h e  t e s t s  (Table  111). 
made on t h e  m o s t  h i g h l y  c r o s s l i n k e d  samples ,  L o t s  4 and 1 2 .  
T e s t s  w e r e  n o t  
Because of specimen r u p t u r e ,  r e l a x a t i o n  d a t a  which r e f l e c t  a major 
breakdown i n  network s t r u c t u r e  were o b t a i n e d  o n l y  on Lots  17 and 19 and 
L o t s  18 and 2 0 .  
a b l y  have broken i n  a v e r y  s h o r t  per iod  a t  a 10% s t r a i n ,  and such tests 
w e r e  n o t  a t t e m p t e d .  
A t  t empera tures  above 245'C, specimens would unquest ion-  
3. Weight Loss  and Degradat ion Mechanism 
I n  c o n t r a s t  t o  t h e  h i g h l y  degraded appearance  of specimens a f t e r  
t e s t s  i n  a i r ,  t h e  appearance of specimens t e s t e d  i n  vacuum a t  tempera- 
t u r e s  up t o  225'C d i d  n o t  change,  i n  conformi ty  w i t h  t h e  f i n d i n g  t h a t  
t h e  stress d i d  n o t  change d u r i n g  t h e  t e s t s .  A f t e r  tes ts  a t  245°C t h e  
specimens w e r e  s l i g h t l y  d i s c o l o r e d ,  c o n t a i n e d  a few s m a l l  b u b b l e s ,  and 
t h e i r  s u r f a c e s  were n o t  so  smooth a s  i n i t i a l l y .  
The weight  of t h e  specimens decreased  (Table  111) d u r i n g  tes ts  
unaer  vacuum, even when degrada t ion  was n o t  i n d i c a t e d  by t h e  
r e l a x a t i o n  d a t a  or t h e  v i s u a l  examinat ion .  From thermogravimet r ic  
a n a l y s e s  of u n c r o s s l i n k e d  PMMA i n  vacuum, Madorsky' found t h a t  t h e  
weight  of a sample whose molecular  weight  was 1 .5  x l o 4  d e c r e a s e d  43$ 
d u r i n g  350 minutes  a t  25OoC and 7.4% d u r i n g  160 minutes  a t  1 5 0 O C .  
a sample of molecular  weight  5 . 1  x l o 6 ,  t h e  weight  d e c r e a s e d  68% d u r i n g  
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Table I11 
WEIGHT LOSS OF PhM4 POLYMERS DURING VACUUM 
RELAXOMETER TESTS 
M a t e r i a l  
Lot 17 
L o t  18 
Lot 2 
L o t  3 
L o t  19 
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6 . 7  
6 . 9  
*Under he l ium.  
The d a t a  i n  Table  I11 i n d i c a t e  t h a t  t h e  e x t e n t  of v o l a t i l i z a t i o n  
i n c r e a s e s  wi th  a d e c r e a s e  i n  t h e  c r o s s l i n k e r  c o n c e n t r a t i o n  and t h a t  t h e  
EDMA- and HDMA-crosslinked m a t e r i a l s  behave s i m i l a r l y .  The s u r p r i s i n g  
f a c t  is  n o t  t h a t  t h e  weight  d e c r e a s e s ,  b u t  t h a t  t h e  d e c r e a s e  i s  r e l a -  
t i v e l y  l a r g e  du r ing  a p e r i o d  i n  which t h e  s t r e s s  remains c o n s t a n t .  Fo r  
25 
example,  stress decay d i d  not  occur d u r i n g  t h e  18-hour tes t  on Lot 3 a t  
224°C b u t  t h e  weight  decreased  by 14%. 
o b s e r v e d ,  t h e  stress decayed during t h e  t e s t .  
When a g r e a t e r  weight loss  was 
An a p p r e c i a b l e  decay i n  s t r e s s  was observed only  a t  245OC, and a t  
t h i s  t e m p e r a t u r e ,  r u p t u r e  commonly t e r m i n a t e d  t h e  tes ts  premature ly .  
Because r a t e  d a t a  w e r e  o b t a i n e d  only a t  245OC, and o n l y  a l i m i t e d  amount 
a t  t h i s  t e m p e r a t u r e ,  t h e  r e s u l t s  l e a d  o n l y  t o  t e n t a t i v e  c o n c l u s i o n s  about  
t h e  k i n e t i c s  and mechanism of t h e  d e g r a d a t i o n  p r o c e s s .  
I f  c h a i n s  b r e a k  randomly throughout  a degrading  network and i f  t h e  
r a t e  of c h a i n  s c i s s i o n  i s  c o n s t a n t ,  t h e n  it  can be shown6 t h a t  t h e  f o r c e  
i n  a specimen h e l d  c o n t i n u o u s l y  a t  a c o n s t a n t  e x t e n s i o n  should  obey t h e  
e q u a t i o n :  
( t '  exp ( -k t /ve)  'fo = ( 3 )  
where v is  t h e  moles of e f f e c t i v e  network c h a i n s  p e r  u n i t  volume i n  t h e  
undegraded m a t e r i a l  and k i s  t h e  moles of c h a i n s  p e r  u n i t  volume which 
b r e a k  p e r  u n i t  t i m e .  Thus,  a p l o t  of l o g  [ f ( t ) / f ( O ) ]  v s .  t should  y i e l d  




Data on f o u r  PMMA specimens a r e  p l o t t e d  a c c o r d i n g  t o  Eq. (3 )  i n  
F i g .  11; t h e  s l o p e s  of t h e  r e s u l t i n g  s t r a i g h t  l i n e s  g i v e  t h e  v a l u e s  of 
k/ve which a r e  i n c l u d e d  i n  T a b l e  I V .  When t h e s e  v a l u e s  a r e  m u l t i p l i e d  
by ( . J ~ ) ~ ~ ,  computed from t h e  c r o s s l i n k e r  c o n c e n t r a t i o n ,  r e l a t i v e l y  con- 
s t a n t  v a l u e s  f o r  k a r e  o b t a i n e d  (except  f o r  Lot 19) and t h e s e  a r e  g iven  i n  
t h e  l a s t  column of t h e  t a b l e .  I f  v a l u e s  of v d e r i v e d  from e i t h e r  modulus 
d a t a  o r  e q u i l i b r i u m  s w e l l i n g  d a t a  a r e  used ,  t h e  r e s u l t i n g  v a l u e s  f o r  t h e  r a t e  
c o n s t a n t  k vary  q u i t e  markedly.  Thus,  t h e  r a t e  of stress decay i s  de- 
te rmined  by t h e  number of chemical j u n c t i o n  p o i n t s  and i s  n o t  a f f e c t e d  
s i g n i f i c a n t l y  by t h e  entanglement p o i n t s .  S t a t e d  o t h e r w i s e ,  t h e  decay 
c o n s t a n t  ( s l o p e  of a p l o t  of I n [ f ( t ) / f ( o ) ]  s. t )  i s  i n v e r s e l y  propor-  
t i o n a l  t o  t h e  c r o s s l i n k e r  c o n c e n t r a t i o n .  
e 
The thermal  d e g r a d a t i o n  of P W  i n v o l v e s  a depolymer iza t ion  (un- 
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FIG. 11 SEMILOGARITHMIC PLOTS OF FORCE AGAINST TIME FROM CONTINUOUS 
STRESS-RELAXATION DATA ON CROSSLINKED PMMA (EDMA-Cross linked 
Polymers, Lots 2, 17, and 18; HDMA-Crosslifiked Polymers, Lot 20) 
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T a b l e  I V  
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1 . 6  
(a )Obta ined  from c o n c e n t r a t i o n  of c r o s s l i n k e r  used i n  
p r e p a r a t i o n  of samples (see Table  I ) .  I f  v a l u e s  of 
ve d e r i v e d  from e i t h e r  t h e  t e n s i l e  modulus o r  equi -  
l i b r i u m  s w e l l i n g  d a t a  a r e  u s e d ,  t h e  r a t e  c o n s t a n t  k, 
given  i n  l a s t  column, v a r i e s  markedly.  
d e g r a d a t i o n  proceeds from t w o  i n i t i a t i o n  mechanisms: 9b t h e  f i r s t  i n -  
v o l v e s  i n i t i a t i o n  a t  double  bonds,  s i t u a t e d  a t  c h a i n  ends ;  t h e  second 
i n v o l v e s  e i t h e r  a random i n i t i a t i o n  or i n i t i a t i o n  a t  c h a i n  ends wi thout  
double  bonds.  ( C e r t a i n  c h a i n  ends c o n t a i n  t e r t i a r y  hydrogen . )  The f i r s t  
t y p e  of i n i t i a t i o n  i s  r e s p o n s i b l e  f o r  t h e  d e g r a d a t i o n  which proceeds  a t  
i n t e r m e d i a t e  t e m p e r a t u r e s  ( c a .  200 t o  2 7 O o C )  and which c e a s e s  b e f o r e  t h e  
e n t i r e  specimen h a s  decomposed. For  one PMMA a t  t e m p e r a t u r e s  between 
240 and 27OoC, Madorsky’ found t h a t  t h e  v o l a t i l i z a t i o n  r a t e  p r o g r e s s i v e l y  
d e c r e a s e s  and becomes z e r o  a f t e r  40-45% of t h e  o r i g i n a l  m a t e r i a l  has 
v o l a t i l i z e d .  The second t y p e  of i n i t i a t i o n  becomes impor tan t  o n l y  a t  
q u i t e  h i g h  t e m p e r a t u r e s .  3b 
-
The cons tancy  of k (Table I V )  i n d i c a t e s  t h a t  t h e  c h a i n s  r u p t u r e  a t  
a r a t e  which i s  independent  of t h e  c h a i n  l e n g t h  between chemical  junc-  
t i o n  p o i n t s .  Y e t ,  t h e  weight  loss  d u r i n g  a tes t  depends q u i t e  s t r o n g l y  
on t h e  c r o s s l i n k e r  c o n c e n t r a t i o n  which i s  i n v e r s e l y  r e l a t e d  t o  t h e  c h a i n  
l e n g t h .  These d i s s i m i l a r  o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  assumption 
28 
t h a t  c h a i n  r u p t u r e  ( i n i t i a t i o n  of decomposi t ion)  i s  fo l lowed  by a de- 
po lymer i za t ion  of t h e  e n t i r e  cha in  between i t s  chemical  j u n c t i o n  p o i n t s .  
Thus ,  t h e  weight  loss would depend on t h e  c h a i n  l e n g t h .  
It  seems q u i t e  u n l i k e l y ,  however, t h a t  a depo lymer i za t ion  r e a c t i o n  
would be t e rmina ted  by t h e  presence  of a d i m e t h a c r y l a t e  moiety i n  a n e t -  
work s t r u c t u r e .  A l s o ,  G r a s s i e  and M e l v i l l e s c  have s t u d i e d  t h e  decomposi- 
t i o n  of s e v e r a l  c r o s s l i n k e d  PMMA polymers and have found t h a t  t h e  i n i t i a l  
decomposi t ion  r a t e  i s  independent  of c r o s s l i n k e r  c o n c e n t r a t i o n .  As y e t ,  
a s a t i s f a c t o r y  e x p l a n a t i o n  has not  been found f o r  t h e  p r e s e n t  f i n d i n g s ,  
a l t h o u g h  an a n a l y s i s  of p o s s i b l e  mechanisms h a s  n o t  been made. Two 
p o i n t s  which need d e t a i l e d  examinat ion w i l l  b e  ment ioned.  The f i r s t  i s  
t h e  f a c t  t h a t  one depolymer iz ing  cha in  w i l l  r e l e a s e  a number of e n t a n g l e d  
c h a i n s  which c o n t r i b u t e  t o  t h e  suppor t  of stress i n  a deformed specimen. 
The second i s  t h a t  one i n i t i a t i o n  w i l l  decompose, on t h e  a v e r a g e ,  a c h a i n  
whose molecular  weight  i s  about  200,000. I t  i s  of p o s s i b l e  s i g n i f i c a n c e  
t h a t  f o r  Lot 19 t h e  c a l c u l a t e d  molecular  weight  of c h a i n s  which t e r m i n a t e  
i n  a d i m e t h a c r y l a t e  moie ty  is  about 320,000; t h i s  f a c t  may have some re- 
l a t i o n  t o  t h e  anomalous r e s u l t  de r ived  from t h e  r e l a x a t i o n  d a t a .  A l s o ,  
a l a r g e  amount of t h e  i n i t i a l  w e i g h t  l o s s  q u i t e  l i k e l y  comes from decompo- 
s i t i o n  of sol m a t e r i a l ;  t h e  c o n c e n t r a t i o n  of double  bonds,  a t  which de- 
po lymer i za t ion  b e g i n s ,  shou ld  b e  markedly g r e a t e r  i n  t h e  sol t h a n  i n  t h e  
network m a t e r i a l .  
4 .  R e s u l t s  on Uncross l inked  PMMA 
Because t h e  c r o s s l i n k e d  PMMA samples  show n o  d e g r a d a t i v e  stress 
r e l a x a t i o n  d u r i n g  a pro longed  pe r iod  under  vacuum c o n d i t i o n s  a t  2 2 4 O C ,  
u n c r o s s l i n k e d  PMK4 would be expected t o  be  chemica l ly  s t a b l e  a t  e l e v a t e d  
t empera tu res  and stress r e l a x a t i o n  shou ld  r e s u l t  on ly  from v i s c o u s  r e l a x a -  
t i o n .  
Data from vacuum t e s t s  on u n c r o s s l i n k e d  PMMA (Lot 1 from P o l y c a s t  
C o r p . )  a t  171,  182, and 190°C a r e  shown i n  F i g .  1 2 .  The con t inuous  
s t r e s s - r e l a x a t i o n  d a t a  conform t o  t h e  expec ted  b e h a v i o r ;  on p l o t s  of 
l o g  cj E. l o g  t ,  where 0 and t a r e  t h e  s t r e s s  and t i m e ,  r e s p e c t i v e l y ,  
t h e  c u r v e s  can be superposed  r a t h e r  w e l l  by s h i f t i n g  them a l o n g  t h e  
a b s c i s s a .  
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UNCROSSLINKED PMMA IN VACUUM 
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FIG. 12 CONTINUOUS AND INTERMITTENT STRESS- 
RELAXATION DATA ON UNCROSSLINKED PMMA 
IN VACUUM AT 171, 182, AND 190°C 
The stress measured i n t e r m i t t e n t l y  i n c r e a s e d  q u i t e  a p p r e c i a b l y  d u r i n g  
t h e  tes ts  a t  each  t empera tu re .  The r e s u l t s  were c a r e f u l l y  checked t o  de- 
t e rmine  whether  t hey  might be a t t r i b u t e d  t o  some ma l func t ion  of t h e  r e l a x -  
ome te r .  N o  ma l func t ion  was found, and t h e  r e s u l t s  have been t e n t a t i v e l y  
a c c e p t e d ,  e s p e c i a l l y  s i n c e  t h e y  a g r e e  q u a l i t a t i v e l y  w i t h  t h e  behav io r  t o  
b e  expec ted  i f  low molecu la r  weight c h a i n s  e i t h e r  v o l a t i l i z e  o r  decompose 
and then  v o l a t i l i z e  under  t h e  vacuum envi ronmenta l  c o n d i t i o n s .  
A t  t h e  tes t  t e m p e r a t u r e s ,  t h e  stress de termined  i n t e r m i t t e n t l y  
should  cor respond t o  a p o i n t  s l i g h t l y  t o  t h e  r i g h t  of t h e  p l a t e a u  on a 
p l o t  of l o g  CJ v s .  l o g  t .  The width of t h i s  p l a t e a u  becomes g r e a t e r  and 
ex tends  t o  a l o n g e r  t i m e  w i t h  an i n c r e a s e  i n  molecular  w e i g h t .  During 
t h e  i n i t i a l  s t a g e s  of thermal  decomposi t ion ,  t h e  low molecu la r  weight  
m a t e r i a l  decomposes p r e f e r e n t i a l l y  because  of i ts  h i g h  c o n c e n t r a t i o n  of 
double  bonds a t  which decomposi t ion b e g i n s .  
d a t a  on PMMA polymers which show t h a t  t h e  a v e r a g e  molecu la r  weight  of t h e  
r e s i d u a l  m a t e r i a l  i n c r e a s e s  du r ing  t h e  i n i t i a l  s t a g e  of decompos i t ion . )  
V o l a t i l i z a t i o n  of e i t h e r  r e s i d u a l  monomer or l o w  molecular  weight  c h a i n s  
a l s o  i n c r e a s e s  the average  molecular  w e i g h t .  During t h e  t ime r e q u i r e d  
t o  extend a specimen and de termine  t h e  stress,  l e s s  r e l a x a t i o n  w i l l  occur  
i f  t h e  molecular  weight  i s  h ighe r  and t h e  p l a t e a u  i s  b r o a d e r .  Thus,  t h e  
i n t e r m i t t e n t l y  observed  s t r e s s  w i l l  c o n t i n u o u s l y  i n c r e a s e  w i t h  t i m e  be- 
cause  of t h e  g radua l  widening of t h e  p l a t e a u .  
-
(Grass i ega  has  p r e s e n t e d  
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I V  TENSILE PROPERTIES I N  THE ABSENCE OF DEGRADATION 
According t o  t h e  s t a t i s t i c a l  t h e o r y  of r u b b e r l i k e  e l a s t i c i t y , 1 0  
e q u i l i b r i u m  s t r e s s - d e f o r m a t i o n  data  i n  u n i a x i a l  t e n s i o n  or compression 
should  conform t o  t h e  e q u a t i o n :  
(4 ) 
1 
CJ = VRT(X - F) 
where c i s  t h e  stress,  based  on t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  unde- 
formed specimen; h i s  t h e  e x t e n s i o n  ( s t r e t c h )  r a t i o  which e q u a l s  c + 1, 
E b e i n g  t h e  Cauchy measure of s t r a i n ;  v i s  t h e  moles of network c h a i n s  
p e r  u n i t  volume; and RT i s  t h e  product  of t h e  gas  c o n s t a n t  and t h e  abso- 
l u t e  t e m p e r a t u r e .  Also, accord ing  t o  t h e  t h e o r y ,  G = vRT, where G i s  
t h e  s h e a r  m 
a t t a c h e d  t o  
l o o p s  which 
formed s p e c  
tanglements  
d u l u s .  Because r e a l  networks c o n t a i n  i n a c t i v e  c h a i n s  ( t h o s e  
t h e  network a t  one end o n l y ,  and t h o s e  which form smal l  c l o s e d  
do n o t  p a r t i c i p a t e  d i r e c t l y  i n  s u p p o r t i n g  t h e  l o a d  on a de- 
men) and a l s o  a c t i v e  c h a i n s  formed by permanent p h y s i c a l  en- 
i n  t h e  ne twork ,  v i n  Eq. ( 4 )  i s  u s u a l l y  r e p l a c e d  a r b i t r a r i l y  
by v e l  t h e  moles of e f f e c t i v e  network c h a i n s  p e r  u n i t  volume. 
Equat ion  ( 4 )  i s  based on s e v e r a l  assumpt ions ,  one of which i s  t h a t  
t h e  en t ropy  change which accompanies t h e  deformat ion  of a s i n g l e  c h a i n  i s  
r e l a t e d  t o  a Gaussian p r o b a b i l i t y  f u n c t i o n .  T h i s  assumption i s  r e a s o n a b l y  
v a l i d  a s  l o n g  a s  t h e  end-to-end s e p a r a t i o n  of a c h a i n  does n o t  exceed some 
f r a c t i o n  ( s a y ,  0 . 4 )  of i t s  f u l l y  extended l e n g t h .  To account  f o r  b e h a v i o r  
a t  l a r g e  e x t e n s i o n s  a t  which t h e  s o - c a l l e d  f i n i t e  e x t e n s i b i l i t y  e f f e c t s  
must be c o n s i d e r e d ,  s e v e r a l  approaches have been f o l l o w e d .  One approach" 
l e a d s  t o  an e x p r e s s i o n  f o r  t h e  en t ropy  of a s i n g l e  c h a i n ;  when a p p l i e d  i n  
an i d e a l i z e d  (and somewhat o v e r - s i m p l i f i e d )  manner t o  a network,  t h i s  
e x p r e s s i o n  g i v e s  a n  e q u a t i o n ,  which f o r  u n i a x i a l  t e n s i o n ,  reduces"  t o :  
I 2 
where J7' (A/n2 ) i s  t h e  i n v e r s e  Langevin f u n c t i o n  of t h e  argument h j n 2 ,  
and n' i s  r e l a t e d  t o  t h e  maximum e x t e n s i b i l i t y ,  
1 
of t h e  network 
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a 1 th rough t h e  d e f i n i n g  r e l a t i o n ' '  n2 = - 0~Jmax' S i n c e  L-'(h/n ) t e n d s  
toward i n f i n i t y  a s  approaches n 3 , t h e  stress becomes i n f i n i t e  a t  
A = I n  t h e  d e r i v a t i o n "  of Eq. ( 5 ) ,  n i s  assumed t o  be t h e  
number of e q u i v a l e n t  random l i n k s  i n  a c h a i n .  Thus,  f o r  a series of 
p e r f e c t  networks ( t h o s e  devoid of i n a c t i v e  c h a i n s  and sol m a t e r i a l )  
which have d i f f e r e n t  c r o s s l i n k  d e n s i t i e s ,  t h e  product  nv i s  a c o n s t a n t .  
Consequent ly ,  t h e  maximum e x t e n s i b i l i t y  should  depend on c r o s s l i n k  den- 
s i t y  a c c o r d i n g  t o  t h e  e q u a t i o n  ( A  ) 
nv . 
- 
= KV ', where K i s  t h e  c o n s t a n t  
w max 
I f  e q u i l i b r i u m  d a t a  conform t o  Eq. ( 4 ) ,  t h e n  ve can be e v a l u a t e d  
d i r e c t l y .  However, u n i a x i a l  t e n s i l e  d a t a  u s u a l l y  do n o t  f i t  Eq. ( 4 ) ,  
and t h e  d a t a  a r e  commonly cons idered  i n  t e r m s  of t h e  Mooney-Rivlin equa- 
t i o n  : 10 1 '2 
(6 1 1 1 F) 0 = 2C,(h - F) + 2 c 2 ( 1  - 
where C ,  and C, are c o n s t a n t s .  Data over  l i m i t e d  r a n g e s  of h c a n  u s u a l l y  
be r e p r e s e n t e d  by t h i s  e q u a t i o n .  C e r t a i n  r e s u l t s  s u g g e s t "  t h a t :  
2C1 = veRT 
However, i t  i s  u n l i k e l y  t h a t  Eq. ( 7 )  a p p l i e s  t o  a l l  rubbery  network 
polymers ,  and an unambiguous method f o r  de te rmining  v does n o t  e x i s t .  e 
Although e q u i l i b r i u m  s w e l l i n g  d a t a  a r e  commonly used t o  e v a l u a t e  
( e . g . ,  see S e c t i o n  11), t h e  r e s u l t s  may be less r e l i a b l e  t h a n  t h o s e  "e 
o b t a i n e d  by a p p l y i n g  e i t h e r  Eq. ( 4 )  or (7). The e q u a t i o n  used  t o  r e l a t e  
'e 
s t o r e d  e l a s t i c  energy  i s  g iven  by t h e  same e x p r e s s i o n  which l e a d s  t o  
Eq. ( 4 ) .  I n  a d d i t i o n ,  t h e  equat ion  c o n t a i n s  a semi-empir ica l  polymer- 
s o l v e n t  i n t e r a c t i o n  parameter  x l  which i s  assumed t o  b e  independent  of 
t o  e q u i l i b r i u m  s w e l l i n g  d a t a  i s  based  on t h e  assumption t h a t  t h e  
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t h e  polymer c o n c e n t r a t i o n  i n  a swollen specimen. 
i s  concent ra t ion- independent  is commonly an i n v a l i d  one.  
The assumption t h a t  x i  
For c e r t a i n  purposes ,  it i s  d e s i r a b l e  t o  know t h e  number of back- 
bone atoms i n  an  a c t i v e  network chain and t h u s  t h e  contour  l e n g t h  of t h e  
c h a i n .  The number of backbone atoms i s  r e l a t e d  d i r e c t l y  t o  t h e  molecular  
weight  of t h e  c h a i n ,  M c .  
t h e  e q u a t i o n  
I f  ve i s  known, t h e n  M can be o b t a i n e d  from 
C 
W 
C - -  
V e Mc - 
where W i s  t h e  weight  of a c t i v e  cha ins  i n  a u n i t  volume of polymer.  I f  
a polymer c o n t a i n s  n e i t h e r  sol nor i n a c t i v e  c h a i n s ,  t h e n  Wc = p ,  where p 
i s  t h e  d e n s i t y  of t h e  polymer.  S ince  networks u s u a l l y  c o n t a i n  s o l  and 
i n a c t i v e  c h a i n s ,  W can be es t imated  o n l y  s e m i - q u a n t i t a t i v e l y .  A l s o ,  
networks  c o n t a i n  a d i s t r i b u t i o n  of c h a i n  l e n g t h s ,  and even c r u d e  methods 
do n o t  e x i s t  f o r  e s t i m a t i n g  t h i s  d i s t r i b u t i o n .  
C 
C 
Thus f a r  t h i s  d i s c u s s i o n  h a s  been l i m i t e d  t o  c o n s i d e r a t i o n s  of 
e q u i l i b r i u m  s t r e s s - s t r a i n  d a t a .  However, exper imenta l  d a t a  a r e  commonly 
t ime-dependent and r e f l e c t  b o t h  the r e l a x a t i o n  p r o c e s s e s  which occur  
d u r i n g  t h e  tes t  p e r i o d  and t h e  i n h e r e n t  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  of 
t h e  network.  Such time-dependent d a t a  can b e  c o n s i d e r e d x 3  i n  terms of 
t h e  e q u a t i o n :  
where t h e  stress o ( A , t )  i s  a f u n c t i o n  of h and t h e  t i m e  t ,  r ( h )  i s  a 
f u n c t i o n  of A, and F ( t )  i s  t h e  time-dependent modulus d e f i n e d  by:  
The modulus c h a r a c t e r i z e s  t h e  t ime-dependent b e h a v i o r  under  an i n f i n i t e s i -  
mal deformat ion  and it depends on t h e  s t r e s s - s t r a i n  h i s t o r y .  However, i n  
conformi ty  w i t h  t h e  p r e v i o u s l y  in t roduced  n o t a t i o n ,  *3 F ( t )  w i l l  b e  con- 
s i d e r e d  h e r e  t o  r e p r e s e n t  t h e  response  t o  a s t r a i n  which i n c r e a s e s  a t  a 
c o n s t a n t  r a t e .  
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Equat ion ( 9 )  i s  a p p l i c a b l e  f o r  r e p r e s e n t i n g  d a t a  when T ( h )  L c ( h , t ) , / F ( t )  
Data ~ b t a i n e d " ' ' ~ ~ ' ~  on many r u b b e r  v u l c a n i z a t e s  with-  i s  t ime-independent .  
i n  c e r t a i n  ranges  of t i m e  and tempera ture  show t h i s  c h a r a c t e r i s t i c .  I n  such 
i n s t a n c e s  , a p l o t  of o ( l . , t ) / F ( t )  - v s .  2, yie lds" ,  l4 a c u r v e  which i s  i d e n t i c a l  
t o  t h a t  from e q u i l i b r i u m  d a t a .  A t  b e s t ,  however, r(A) is  time-independent 
o n l y  under t h o s e  exper imenta l  c o n d i t i o n s  f o r  which t h e  t e r m i n a l  (maximum) 
r e l a x a t i o n  t i m e  of a s i n g l e  network c h a i n  i s  less t h a n  t h e  exper imenta l  
t i m e - s c a l e .  When t h e  experimental  t ime-sca le  is s h o r t e r  t h a n  t h e  t e r m i n a l  
r e l a x a t i o n  t i m e ,  r e l a x a t i o n  modes w i t h i n  a c h a i n  become e f f e c t i v e ,  c a u s i n g  
a r e d u c t i o n  i n  t h e  e x t e n s i b i l i t y  of t h e  network. The reduced e x t e n s i b i l i t y  
c a u s e s z 4  T(h) t o  i n c r e a s e  more r a p i d l y - - e s p e c i a l l y  a t  l a r g e  extensions--and 
t o  t e n d  toward i n f i n i t y  a t  a s m a l l e r  e x t e n s i o n  t h a n  when t h e  t i m e - s c a l e  i s  
l o n g ;  such phenomenon c a u s e  T(h) t o  be t ime-dependent .  
For  c e r t a i n  r u b b e r  v u l c a n i z a t e s ,  r(h) i s  time-dependent even when t h e  
exper imenta l  t i m e - s c a l e  i s  g r e a t e r  t h a n  t h e  t e r m i n a l  r e l a x a t i o n  t i m e .  The 
a s s o c i a t e d  molecular  p r o c e s s e s  which l e a d  t o  t h e  o c c u r r e n c e  of r e l a x a t i o n  
under  such  c o n d i t i o n s - - r e g a r d l e s s  of whether  T(h) i s  t ime-dependent or 
t ime-independent--are n o t  d e f i n i t e l y  known. However, t h e  r e l a x a t i o n  may 
r e s u l t  from c o o p e r a t i v e  c h a i n  rearrangements  which a r e  a s s o c i a t e d  w i t h  
e i t h e r  t h e  s l i p p a g e x 5 ,  l6 of en tangled  c h a i n s  or t h e  m i g r a t i ~ n ' ~ " ~  of n e t -  
work j u n c t i o n  p o i n t s .  
and t h e  cor responding  u l t i m a t e  e x t e n s i o n  
Ob ' The s t r e s s - a t - b r e a k ,  
r a t i o ,  lk.b, depend markedly on t h e  t e m p e r a t u r e  and t h e  e x t e n s i o n  r a t e .  
amorphous e l a s t o m e r s ,  d a t a  o v e r  extended r a n g e s  of tempera ture  and ex ten-  
s i o n  r a t e  y i e l d  a s i n g l e  c u r v e ,  c a l l e d  t h e  t e n s i l e  f a i l u r e  envelope ,  199 
on a p l o t  of l o g  0 (T,/T) - v s .  l o g  ( h b - l ) ,  where T and To a r e ,  r e s p e c t i v e l y ,  
t h e  t e s t  tempera ture  and an a r b i t r a r i l y  s e l e c t e d  r e f e r e n c e  t e m p e r a t u r e ,  
b o t h  expressed  i n  OK. 
i s  t h e  maximum o b s e r v a b l e  e x t e n s i o n  r a t i o .  A s  d i s c u s s e d , "  
For  
b 
T h i s  curve  p a s s e s  through a maximum a t  ($) which max 
Oa'max 2 
For some e l a s t o m e r s ,  i t  appears"  t h a t  t h e  e q u a l i t y  i s  s e n s i b l y  
t r u e  whereas f o r  o t h e r s ,  ($)max is s i g n i f i c a n t l y  l e s s  t h a n  (h ) . When 
t h e  l a t t e r  s i t u a t i o n  e x i s t s ,  i s  t h e  maximum e x t e n s i o n  r a t i o  (hypo- 
t h e t i c a l )  which could  be observed i f  t h e  network were i n f i n i t e l y  s t r o n g .  
m max 
34 
. R e l a t i v e l y  l i t t l e  is now known about t h e  dependence of (h) on c r o s s -  
l i n k  d e n s i t y  and o t h e r  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  b u t  some f i n d i n g s  a r e  
p r e s e n t e d  i n  Ref .  11. 
max 
The c r o s s l i n k e d  PMMA polymers ( P o l y c a s t )  were t e s t e d  a t  v a r i o u s  ex- 
t e n s i o n  r a t e s  and t e m p e r a t u r e s .  The two c r o s s l i n k e d  samples  ( S e c t i o n  1 1 - A )  
p repa red  a t  t h e  A m e s  Research  Center  were a l s o  t e s t e d ,  a s  w e l l  a s  a com- 
m e r c i a l l y  a v a i l a b l e  unc ross l inked  PMMA m a t e r i a l .  The r e s u l t s  from t h e s e  
t es t s  a r e  p r e s e n t e d  i n  t h e  remaining p o r t i o n  of t h i s  s e c t i o n ,  and con- 
s i d e r e d  i n  r e l a t i o n  t o  background i n f o r m a t i o n  g iven  above and i n  S e c t i o n s  
11-B and 1 1 - C .  (The method for procur ing  t h e  d a t a  i s  d i s c u s s e d  i n  Appendix 
11.) 
A .  Uncross l inked  PMMA 
A commercial ly  a v a i l a b l e  PMMA polymer was t e s t e d  i n  t h e  rubbe ry  re- 
sponse  r e g i o n s  a t  e i g h t  tempera tures  between 110 and 165'C and a t  c r o s s -  
h e a t  speeds  between 0.02 and 20 inches  pe r  minu te .  The methods f o r  
r e d u c i n g  and a n a l y z i n g  t h e  d a t a  d i f f e r e d  on ly  i n  minor d e t a i l s  from t h o s e  
deve loped  f o r  o t h e r  amorphous e l a s tomers .13  From s t r e s s - s t r a i n  c u r v e s  a t  
d i f f e r e n t  e x t e n s i o n  r a t e s ,  v a l u e s  of stress a r e  ob ta ined  a t  a series of 
f i x e d  v a l u e s  of h. Then, t h e  s t r e s s  d a t a  a t  each  h a r e  d i s p l a y e d  on a 
p l o t  of l o g  CT vs. log t ,  where the  t i m e  t e q u a l s  ( A - l ) / i ,  i. b e i n g  t h e  
e x t e n s i o n  ( s t r a i n )  r a t e .  
-
I n  a n a l y z i n g  d a t a  on PMMA, t h e  t empera ture- reduced  stress 273c/T was 
f i r s t  p l o t t e d  a g a i n s t  t i m e  on a doubly l o g a r i t h m i c  p l o t  f o r  s e v e r a l  ex- 
T t e n s i o n  r a t i o s  a t  each  t es t  t empera tu re .  Values  of t h e  s h i f t  f a c t o r  a 
were t h e n  o b t a i n e d  by s h i f t i n g  the  c u r v e s  t o  c o i n c i d e n c e  a l o n g  t h e  t i m e  
a x i s .  The r e s u l t i n g  s h i f t  f a c t o r s  a r e  shown i n  F i g .  13 i n  which t h e  
s o l i d  l i n e  r e p r e s e n t s  t h e  u n i v e r s a l  form of t h e  W L F  equa t ion5  
8 .86 (T  - T ) 
101.6 + T - Ts 
S l o g  a = - 
T 
T h i s  e q u a t i o n  g i v e s  a a s  a f u n c t i o n  of (T-T ) ,  where t h e  c h a r a c t e r i s t i c  
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FIG. 13 TEMPERATURE DEPENDENCE 
OF LOG oT FOR UNCROSSLINKED 
PMMA 
T may b e  determined from e m p i r i c a l l y  o b t a i n e d  a v a l u e s  u s i n g  Eq. (ll), 
a s  i n d i c a t e d  i n  F i g .  13.  The v a l u e  of T o b t a i n e d  i n  t h i s  way ( 1 4 3 ° C )  i s  
r e a s o n a b l e ,  a l t h o u g h  somewhat lower t h a n  o t h e r  v a l u e s  r e p o r t e d  for PMMA 
i n  t h e  l i t e r a t u r e . '  
S T 
S 
S h i f t  f a c t o r s  c a l c u l a t e d  from Eq. (11) w i t h  T = 1 4 3 O C  w e r e  used 
S 
i n  p r e p a r i n g  p l o t s  of l og  cfI' /T v s .  l o g  t / a T  for  a number of e x t e n s i o n  
r a t i o s .  S e v e r a l  of t h e s e  p l o t s  a r e  shown i n  F i g .  14 where A i s  an 
a r b i t r a r y  a d d i t i v e  c o n s t a n t  used t o  s e p a r a t e  t h e  c u r v e s  f o r  convenience 
i n  p r e s e n t a t i o n .  I t  can be s e e n  t h a t  t h e  t ime-temperature  s u p e r p o s i t i o n  
i s  q u i t e  good, a l though some s c a t t e r  e x i s t s  i n  t h e  low t empera ture  d a t a ;  
t h e  1 2 0 ° C  d a t a  a r e  somewhat below t h o s e  a t  o t h e r  t e m p e r a t u r e s .  
shows t h a t  a a t  12OOC a l s o  l i e s  below t h e  W L F  c u r v e .  
t h e  a c t u a l  t e s t  tempera ture  was s l i g h t l y  h i g h e r  t h a n  12OOC. These 1 2 0 ° C  
d a t a  were t h e r e f o r e  d i s r e g a r d e d  i n  drawing f u l l  c u r v e s  ( F i g .  14)  which 
b e s t  r e p r e s e n t  t h e  d a t a .  
s -  
F i g u r e  13 
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FIG. 14 VARIATION OF (Reduced) STRESS WITH REDUCED TIME 
A T  DIFFERENT STRAIN VALUES FOR UNCROSSLINKED 
PMMA. Temperature shift factors determined from curve in Fi3. 13; 
a T  = 1.0 at 143°C 
When cu rves  l i k e  t h o s e  i n  F ig .  14 a r e  p a r a l l e l ,  then  t h e  v i s c o e l a s t i c  
d a t a  must conform t o  Eq. ( 9 ) .  To t e s t  t h e  a p p l i c a b i l i t y  of Eq. (9), i s o -  
ch rona l  v a l u e s  (va lues  a t  a cons t an t  t i m e )  of r f l? /T were r e a d  from curves  
l i k e  t h o s e  i n  F i g .  14 and a r e  s h o m  i n  F i g .  15 on p l o t s  of log iLzT /T v s .  
l o g  ( A - l ) ,  where i s  t h e  t r u e  stress ( i . e . ,  stress based  on t h e  c r o s s -  
s e c t i o n a l  a r e a  of a deformed specimen).  
A i s  a g a i n  used t o  s e p a r a t e  t h e  curves .  
S 
s -  
An a r b i t r a r y  a d d i t i v e  c o n s t a n t  
Because t h e  l i n e s  i n  F i g .  15 have a u n i t  s l o p e  and a r e  l i n e a r  up t o  
about  100% e x t e n s i o n  for 0.001 < t/aT < 100 minu tes ,  i t  f o l l o w s  t h a t  
under  t h e s e  c o n d i t i o n s  g ( A )  from E q .  ( 9 )  e q u a l s  3,. A t  reduced t i m e s  less  
t h a n  0.001 m i n u t e ,  d e v i a t i o n s  from l i n e a r i t y  occur  a t  e x t e n s i o n s  less 
t h a n  1004. 
n e a r  T , t h e  r e s u l t  i s  no t  s u r p r i s i n g  and i s  undoubtedly caused  b y  r e l a x a -  
t i o n  modes w i t h i n  i n d i v i d u a l  ne tnork  c h a i n s  becoming e f f e c t i v e ,  t h u s  
changing t h e  i n h e r e n t  s t r e s s - s t r a i n  r e sponse  and i n c r e a s i n g  t h e  modulus. 
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FIG. 15 ISOCHRONAL VALUES OF TRUE STRESS 
AS A FUNCTION OF STRAIN FOR 
UNCR OSSL I N KED PMMA 
S i n c e  g ( h )  = h f o r  
F i g .  14 have an  extended f l a t  p o r t i o n ,  t h e  modulus F ( t )  can be e v a l u a t e d  
d i r e c t l y  u s i n g  E q .  ( 9 ) .  
( 2 . 3  x lo7 dynes/cm2).  
t h e  p h y s i c a l  entanglement  of t h e  c h a i n s  i n  t h e  u n c r o s s l i n k e d  PMMA. 
< 2 a t  t h e  reduced t i m e s  a t  which t h e  c u r v e s  i n  
The 10-minute v a l u e  a t  1 4 3 ° C  i s  about  330 p s i  
T h i s  modulus c h a r a c t e r i z e s  t h e  network formed by 
F i g u r e  16 shows t h e  f a i l u r e  envelope o b t a i n e d  by p l o t t i n g  l o g  $ab416/T 
a g a i n s t  l o g  (%-I). 
I n s t r o n  tests showed y i e l d  v a l u e s  (found a t  lower t e m p e r a t u r e s  and h i g h e r  
c r o s s h e a d  s p e e d s )  or c o n t a i n e d  an  i n d i c a t i o n  of v i s c o u s  f low d u r i n g  t h e  
t es t  (found a t  h i g h e r  tempera tures  and  lower c r o s s h e a d  s p e e d s ) ,  t h e  b r e a k  
d a t a  a r e  e l i m i n a t e d  from t h e  p l o t .  
F i g .  1 7 .  
In  t h o s e  i n s t a n c e s  t h a t  t h e  stress-time c u r v e s  f r o n  
















FIG. 16 FAILURE ENVELOPE FOR UNCROSSLINKED PMMA 
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FIG. 17 YIELD AND FLOW BEHAVIOR OUTSIDE 
OF FAILURE ENVELOPE FOR UNCROSSLINKED 
PMMA. Failure envelope f r o m  Fig. 16 
F a i l u r e  envelopes a r e  u s u a l l y  o b t a i n e d  o n l y  on c r o s s l i n k e d  polymers .  
F i g u r e  16 shows t h a t  d a t a  on an u n c r o s s l i n k e d  polymer a l s o  y i e l d  a f a i l -  
u r e  envelope ,  a l t h o u g h  a s m a l l e r  segment of t h e  envelope  i s  d e f i n e d  be- 
c a u s e  of t h e  f l o w  and y i e l d  phenoaena. For c r o s s l i n k e d  polymers ,  t h e  
l o w e r  b r a n c h  of t h e  f a i l u r e  envelope normally approaches a s y m p t o t i c a l l y  
t h e  e q u i l i b r i u m  s t r e s s - s t r a i n  curve and conforms t o  t h e  e q u a t i o n :  
l o g  3. 0 Uncross l inked  polymers do n o t  have an  
e q u i l i b r i u m  modulus, b u t  i f  t h e  entanglement c o u p l i n g  d e n s i t y  i s  h i g h ,  
t h i s  g i v e s  a pseudo-equi l ibr ium modulus, i n d i c a t e d  by a r e l a t i v e l y  f l a t  
p o r t i o n  i n  t h e  modulus E. t i m e  curve .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  modulus o b t a i n e d  froin t h e  u n i t  s l o p e  r e g i o n  of t h e  envelope (even 
though it is  not w e l l  d e f i n e d  because of t h e  o c c u r r e n c e  of f l o w )  i s  
= l o g  Ee + l o g  (h-1). b b  
40  
347 p s i ,  i n  agreement wi th  t h e  modulus d e r i v e d  from t h e  f l a t  p o r t i o n  of 
t h e  cu rves  i n  F i g .  1 4 .  
B .  S p e c i a l  Samples of  Cross l inked  PMNIA (Ames) 
These samples ,  c r o s s l i n k e d  wi th  0.3 and 0.8% EDMA w e r e  t e s t e d  a t  
v a r i o u s  e x t e n s i o n  r a t e s  and t empera tu res .  F i g u r e  18 shows a v a l u e s  
o b t a i n e d  by supe rpos ing  p l o t s  of log a273/T v s .  log t from d a t a  a t  t h e  
d i f f e r e n t  t empera tu res  and a t  s e v e r a l  c o n s t a n t  v a l u e s  of A .  For b o t h  
samples ,  it appea r s  t h a t  T- = 426°K (153 'C) ,  a v a l u e  somewhat above t h a t  
(T = 416'K) found f o r  t h e  unc ross l inked  PxlMA sample (see F i g .  13 ) .  T h i s  
behav io r  i s  q u a l i t a t i v e l y  i n  agreement w i t h  t h e  f i n d i n g s  of Fox and 
Loshaek2' concern ing  t h e  dependence of T (T T + 50)  on c r o s s l i n k  











- $ 2  
0 
-2 
I I I [ I  I /  1 I 1  I -  - 
-log a T =  
8 86 (T-Ts) 
101 6 +T-Ts 
I 
-4 " 1 1 ' ' 1  ' 









0.8 o/o EDMA 
8.86 (T-Ts) 
101.6 + T-Ts i 
100 140 I80 220 
TEMPERATURE, "C 
18-4520-2 
FIG. 18 TEMPERATURE DEPENDENCE OF LOG o T  OBTAINED 
FOR CROSSLINKED PMMA SAMPLES (AMES) 
BY SUPERPOSING STRESS-STRAIN DATA 
Equat ion  (11) w i t h  T = 426'K was used  t o  c a l c u l a t e  t h e  s h i f t  f a c t o r s  
19, i n  
f o r  A = 1.1, 1.3, 1.75, 2 .5 ,  
S 
employed t o  c o n s t r u c t  t h e  m a s t e r  stress-time c u r v e s  shown i n  F i g .  
which log f l s /T  is p l o t t e d  a g a i n s t  l o g  t / a  
and 3 .5 .  Curves were a l s o  prepared f o r  A = 1 . 2 ,  1 . 5 ,  2 . 0 ,  and 3 .0 ,  b u t  
t h e s e  a r e  omi t t ed  f o r  s i m p l i c i t y .  
c l e a r l y  developed f l a t  p o r t i o n  cor responding  t o  t h e  e q u i l i b r i u m  modulus.  
Although t h i s  behavior  may p a r t i a l l y  r e s u l t  from chemical  r e l a x a t i o n ,  i t  
more l i k e l y  r e s u l t s  from t h e  s l i p p a g e  of e n t a n g l e d  c h a i n s  or o t h e r  
T 
N o  cu rves  f o r  e i t h e r  sample show a 
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FIG. 19 VARIATION OF (Reduced) STRESS WITH TIME 
AT DIFFERENT STRAIN VALUES FOR TWO 
CROSSLINKED PMMA SAMPLES (Ames). Temperature 
shift factors from curves in Fig. 18 
42 
c o o p e r a t i v e  p r o c e s s  which invo lves  c l u s t e r s  of network c h a i n s .  Th i s  l o n g  
te rm r e l a x a t i o n  phenomenon is  a l s o  shown by c r e e p  d a t a l 7  and by t h e  dynamic 
(complex)  s h e a r  compliancei6 (XI var ious  t y p e s  of v u l c a n i z a t e s .  A s t r i k i n g  
example i s  provided  b y  s t r e s s - s t r a i n  d a t a  on a s e r i e s  of Viton A-HV3r4 and 
o t h e r x 8  v u l c a n i z a t e s  c r o s s l i n k e d  by d i f f e r e n t  amounts. Bueche17 has  con- 
s i d e r e d  t h e  phenomenon i n  terms of a slow rear rangement  of network junc-  
t i o n  p o i n t s ;  t h e  e x t e n t  and t ime-sca le  of t h e  p r o c e s s  i n c r e a s e  w i t h  an 
i n c r e a s e  i n  t h e  f r a c t i o n  of dangl ing  ( i n a c t i v e )  c h a i n s .  
en tanglement  c r o s s l i n k s  has  been cons ide red  by Kraus and Moc~ygemba '~  and 
a l s o  b y  Fe r ry"  and h i s  a s s o c i a t e s .  
The s l i p p a g e  of 
I sochrona l  s t r e s s - s t r a i n  da t a  o b t a i n e d  f r o a  F i g .  19 a r e  shown i n  
F i g .  20; t h e  d a t a  a r e  s i m i l a r  t o  those  f o r  t h e  u n c r o s s l i n k e d  P W  (F ig .  1 5 ) .  
From t h e  s t r a i g h t  l i n e s  of u n i t  s lope  i n  F i g .  2 0 ,  i t  i s  found t h a t  t h e  10- 
minute  moduli a t  153'C f o r  t h e  samples c o n t a i n i n g  0 . 3 5  and 0.8% EDMA a r e ,  
r e s p e c t i v e l y ,  195 and 288 p s i .  The 10-minute modulus f o r  t h e  uncross-  
l i n k e d  PMMA ( S e c t i o n  I V - A )  a t  143OC i s  about  330 p s i ,  a v a l u e  g r e a t e r  t h a n  
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FIG. 20 ISOCHRONAL VALUES OF TRUE STRESS AS A FUNCTION 
OF STRAIN FOR TWO CROSSLINKED PMMA SAMPLES (Ames) 
43 
o b t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s ,  t h e  comparison i s  a r easonab ly  v a l i d  
one s i n c e  each  modulus was d e r i v e d  from d a t a  i n  t h e  p l a t e a u  r e g i o n .  Data 
from F i g .  19 w e r e  a l s o  used t o  p repa re  t h e  p l o t s  of l o g  ~ ( l ) / F ( l )  v s .  
log J. shown i n  F i g .  2 1 .  [ a ( l )  and F ( 1 )  a r e  t h e  s t r e s s  and modulus a t  
1-minute a t  t h e  t empera tu res  i n d i c a t e d  by t h e  legend on F i g .  2 1 . 1  The 
s o l i d  cu rve  i s  t h a t  g iven  by t h e  s t r a i n  f u n c t i o n ,  
t h e  s t a t i s t i c a l  t h e o r y  of r u b b e r l i k e  e l a s t i c i t y .  
-
(h-A-')/3 E T(h), from 
Amount of 
Cross  1 i n k e r  
g i ' l O O  g monomer 
Modulus, * 
p s i  
0 . 3  195 
0 . 8  288 
0 330 
Ul t ima te  p r o p e r t y  d a t a  from t h e  tests ( i n c l u d i n g  t h o s e  a t  110 and 
1 1 5 ° C )  a r e  assembled i n  F i g .  22 .  The lower (h igh  t e m p e r a t u r e )  p o r t i o n s  
of t h e  f a i l u r e  envelopes  a r e  drawn a s  s t r a i g h t  l i n e s  w i t h  u n i t  s l o p e  
from which t h e  moduli were e s t ima ted  t o  be  174 and 288 p s i ,  i n  r eason-  
a b l e  agreement w i t h  10-minute modulus v a l u e s  of 195 and 287 p s i  ob ta ined  
from t h e  d a t a  i n  F i g .  2 0 .  
ve x i o 4 ,  moles/ml 
Method Method Method 
A B C 
0.359 1 . 2 3  0 .84  
0.953 1 . 8 7  1 . 9 7  
-- ( 2 . 1 4 )  -- 
Values of v e s t i m a t e d  by t h r e e  methods,  a r e  g iven  i n  Tab le  V .  e '  
(The u n c r o s s l i n k e d  sample i s  t h a t  d i s c u s s e d  i n  S e c t i o n  I V - A . )  For  t h e  
Table V 
ESTIMATED VALUES OF ve FOR PI'vlMA SAMPLES (AMES) 
*For t h e  two c r o s s l i n k e d  polymers, t h e  moduli a r e  10-minute 
v a l u e s  a t  153°C; f o r  t h e  unc ross l inked  polymer, t h e  modulus 
i s  t h e  10-minute v a l u e  a t  143OC. 
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FIG. 21 PLOTS OF LOG a( l ) /F( l )  vs. LOG h FOR PMMA 
POLYMERS (Arnes) CROSSLINKED WITH 0.3% AND 
0.8% EDMA 
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FIG. 22 FAILURE ENVELOPE FOR TWO CROSSLINKED 
PMMA SAMPLES (Ames) 
h i g h e s t  c r o s s l i n k e d  sample,  Methods B and C g i v e  v a l u e s  which a r e  i n  
good agreement .  The h i g h e r  v a l u e  ob ta ined  by Method B f o r  t h e  less 
d e n s e l y  c r o s s l i n k e d  sample i s  probably caused  by t h e  f a c t  t h a t  an  equi -  
l i b r i u m  modulus was n o t  o b t a i n e d  from t h e  s t r e s s - s t r a i n  d a t a  on d r y  
specimens whereas t h e  d a t a  on swol len  specimens a r e  probably  e q u i l i b r i u m  
ones .  In  l i g h t  of t h e  modulus and s w e l l i n g  d a t a  f o r  t h e  P o l y c a s t  PMMA 
polymers ( s e e  S e c t i o n  I I ) ,  it is  somewhat s u r p r i s i n g  t h a t  t h e  modulus 
of t h e  l i g h t l y  c r o s s l i n k e d  polymer is o n l y  195 p s i .  I t  i s  p o s s i b l e  t h a t  
i m p u r i t i e s  t e r m i n a t e d  growing cha ins  d u r i n g  t h e  po lymer i za t ion  and t h u s  
p reven ted  t h e  fo rma t ion  of a highly e f f e c t i v e  entanglement  network.  
C .  C r o s s l i n k e d  PMMA Samples (Po lycas t  Corp . )  
C r o s s l i n k e d  polymers ,  a s  w e l l  a s  t h e  u n c r o s s l i n k e d  m a t e r i a l  L o t  1, 
were t e s t e d  a t  v a r i o u s  tempera tures  and e x t e n s i o n  r a t e s .  The d e r i v e d  
i s o c h r o n a l  d a t a  w e r e  used  t o  ob ta in  t h e  1-minute modulus F ( 1 )  a t  each 
t empera tu re  from p l o t s  of ho v s .  1-1, a s  i l l u s t r a t e d  by F i g .  23 .  From 
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FIG. 23 EXAMPLE OF PLOTS USED TO OBTAIN THE 1-MINUTE CONSTANT-STRAIN- 
RATE MODULUS FOR THE CROSSLINKED PMMA POLYMERS (Polycast) 
log  a ( l ) / F ( l )  v s .  l o g  A, a s  i l l u s t r a t e d  by F i g s .  24 and 25.  
t h e  h i g h l y  c r o s s l i n k e d  samples ,  L o t s  4 and 1 2 ,  b roke  a t  q u i t e  low ex- 
t e n s i o n s ,  t h e  s t r e s s - s t r a i n  d a t a  a r e  n o t  h i g h l y  p r e c i s e  and w e r e  o n l y  
p a r t i a l l y  ana lyzed .  
Because -
Typica l  f a i l u r e  envelopes  a r e  shown i n  F i g .  26 , and f a i l u r e  envelopes  
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FIG. 25 PLOTS OF LOG a( l ) /F ( l )  vs. LOG X OF PMMA POLYMERS OF DIFFERENT 
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FIG. 26 FAILURE ENVELOPES FOR CROSSLINKED PMMA POLYMERS. (Lots 3 and 18, 
EDMA-crosslinked; Lots 10 and 11, HDMA-crosslinked) 
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D .  D i scuss ion  of R e s u l t s  
1. Ul t ima te  T e n s i l e  P r o p e r t i e s  
The f a i l u r e  d a t a  i n  F i g s .  16, 22,  and 26 show t h a t  each  PMMA e x h i b i t s  
, a t  about  125°C a t  t h e  e x t e n s i o n  ra tes  i t s  maximum e x t e n s i b i l i t y ,  
u sed .  According t o  c u r r e n t  v i e w p o i n t s , 1 4 , ' *  t h e  v a l u e s  of a r e  s m a l l e r  
a t  t empera tu res  below 125OC because  t h e  network c h a i n s  do n o t  respond a s  
a s i n g l e  u n i t .  I n s t e a d ,  sub-molecules of t h e  c h a i n  respond,  t h u s  c a u s i n g  
t h e  e x t e n s i b i l i t y  t o  be reduced and t h e  t e n s i l e  s t r e n g t h ,  gb, t o  be  in- 
c r e a s e d .  
reduced  a s  t h e  g l a s s  t empera tu re  i s  approached .  
'max 
b 
A s  d i s c u s s e d  by Ha lp in ,14  t h e  e f f e c t i v e  l e n g t h  of t h e  c h a i n  i s  
The f a i l u r e  envelopes  i n  F i g .  2 7 ,  excep t  t h a t  f o r  Lot 4 ,  have n e a r l y  
t h e  same s h a p e s ,  and t h e  t r u e  s t r e s s ,  I 273/T, a t  0. ) i s  t h e  same 
f o r  a l l  samples  w i t h i n  t h e  exper imenta l  u n c e r t a i n t y .  Thus,  t h e  envelopes  
can  be  superposed  r easonab ly  w e l l  b y  s h i f t i n g  them a l o n g  t h e  a b s c i s s a .  
S i m i l a r  behav io r  h a s  been f o ~ n d ~ ' ~ ~ ~ ~  f o r  a series of Vi ton  A-HV (hydro- 
f l u o r o c a r b o n )  g u m  v u l c a n i z a t e s .  One d i f f e r e n c e  i s  t h e  magnitude of 
(A, ,o~) ,~, ,  t h e  non-temperature-reduced t r u e  stress a t  ( k )  : for the 
Viton A-HV v u l c a n i z a t e s ,  t h i s  va lue  is  about  2 .5 - fo ld  g r e a t e r  t han  t h a t  
f o r  t h e  PMMA e l a s t o m e r s .  
on ly  s e m i - q u a n t i t a t i v e  because  of  the  c o n s i d e r a b l e  d i f f i c u l t y  i n  o b t a i n i n g  
a p r e c i s e  v a l u e  f o r  t h e  stress a t  
f o r  t h e  two t y p e s  of e l a s tomers  d i f f e r s  c o n s i d e r a b l y . )  
"b b b rnax 
rnax 
(Although t h i s  r e l a t i v e  v a l u e  f o r  ( \Ob 'max is  
, it  does appea r  t h a t  (1 c ) 'max b b max 
P l o t s  which show t h e  dependence of 273,'T and of h 'b b on t h e  reduced  
t ime-to-break, tb /aT,  were prepared  f roa d a t a  a t  t empera tu res  between 
125 and 185°C on Lot 11. Values of l o g  a o b t a i n e d  from supe rpos ing  t h e  
cb273/T and t h e  .A 
y i e l d  a r a t h e r  good s t r a i g h t  l i n e  on t h e  Arrhenius- type  p l o t  whose s l o p e  
co r re sponds  t o  an a c t i v a t i o n  energy of 46 Kcal .  The a v a l u e s  d e f i n i t e l y  
do n o t  conform t o  t h e  WLF e q u a t i o n .  Values  of a f o r  supe rpos ing  u l t i m a t e  
p r o p e r t y  d a t a  f o r  v u l c a n i z a t e s  of SBR" ( s t y r e n e - b u t a d i e n e ) ,  Vi ton  B , 2 2 ~ 7  
b u t y l  ( s u l f u r - c u r e d )  v u l c a n i z a t e s  and f o r  rubbery  epoxy r e s i n s 2 3  and 
s o l i d  p r o p e l l a n t s 2 *  have been found t o  s g r e e  r a t h e r  w e l l  w i t h  t h e  WLF 
e q u a t i o n .  
T 
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FIG.28 TEMPERATURE DEPENDENCE OF LOG aT  
OBTAINED BY SUPERPOSING ULTIMATE 
PROPERTY DATA ON CROSSLINKED PMMA, 
LOT 11 
However, f o r  a s i l i c o n e  v u l c a n i z a t e '  (T = -125'C) and a Vi ton  
A-HV (A-6) v ~ l c a n i z a t e , ~ ~  a conforms t o  an Ar rhen ius  t y p e  e q u a t i o n .  
T h i s  behav io r  i s  perhaps n o t  unexpected s i n c e  t h e  t es t  t empera tu res  
ex tended  up t o  T-T 
256'C f o r  t h e  Vi ton  v u l c a n i z a t e .  
c a b l e  a t  t empera tu res  for which T-T 
g 
However, for s ty rene -bu tad iene  and e thy lene -p ropy lene  v u l c a n i z a t e s  con- 
t a i n i n g  d i f f e r e n t  amounts of carbon b l a c k ,  i t  h a s  been found26 t h a t  a 
v a l u e s  from supe rpos ing  u l t i m a t e  p r o p e r t y  d a t a  obey t h e  Ar rhen ius  equa- 
t i o n .  Thus, u n t i l  t h e  c o n t r o l l i n g  s t e p  i n  r u p t u r e  i s  b e t t e r  unders tood  
i n  te rms  of v i s c o e l a s t i c  p r o c e s s e s ,  s o m e  c a u t i o n  is war ran ted  i n  super -  
p o s i n g  u l t i m a t e  p r o p e r t y  d a t a  b y  u s i n g  a v a l u e s  based  on t h e  WLF equa- 
t i o n ,  u n l e s s  t h e  d a t a  c l e a r l y  i n d i c a t e  t h a t  t h i s  e q u a t i o n  i s  a p p l i c a b l e .  
g 
T 
= 225°C for t h e  s i l i c o n e  v u l c a n i z a t e  and t o  T-T = 
Normally,  t h e  WLF e q u a t i o n  i s  a p p l i -  
g g 
i s  less than  100" or p o s s i b l y  1503C. 
T 
T 
Values of a from t h e  l i n e  i n  F i g .  28 were used  i n  p r e p a r i n g  t h e  T 
reduced  p l o t s  i n  F i g .  29.  Although t h e  p o i n t s  s c a t t e r  somewhat, t h e  
s c a t t e r  i s  n o t  much worse than  commonly found upon supe rpos ing  u l t i m a t e  
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FIG. 29 PLOTS OF LOG crb273/T AND OF A b  AGAINST LOG tb/aT FOR 
CROSSLINKED PMMA, LOT 11. aT = 1 at 145°C 
54 
A comparison was made of p l o t s  of l o g  E 273i/T vs  . l o g  t /a 
number of e l a s t o m e r s ;  c u r v e s  f o r  d i f f e r e n t  v u l c a n i z a t e s  w e r e  s h i f t e d  
a l o n g  t h e  a b s c i s s a  so t h a t  each v u l c a n i z a t e  was i n  a cor responding  s t a t e .  
( T h i s  was done by a d j u s t i n g  t /a so t h a t  ( I  ' f o r  e a c h  v u l c a n i z a t e  
o c c u r r e d  a t  t h e  same v a l u e  of t /la ) 
t h a t  ob f o r  t h e  PMMA sample was s i g n i f i c a n t l y  less a t  a l l  v a l u e s  of t /a 
t h a n  f o r  t h e  o t h e r  v u l c a n i z a t e s .  Although t h e  reason  f o r  t h i s  behavior  
i s  n o t  known, i t  may be r e l a t e d  i n  some manner t o  t h e  c h a r a c t e r i s t i c  
f e a t u r e s  of PMbU c h a i n s  which causes  t h e  c h a i n s  t o  form a c o n s i d e r a b l y  
more t i g h t l y  c r o s s l i n k e d  entanglement network t h a n  do c h a i n s  of o t h e r  
polymers (see T a b l e  13-11 i n  R e f .  5 ) .  
f o r  a b T  -b 
b' T 'b 'max 
The comparison showed q u i t e  c l e a r l y  
b T '  
b T  
A d i s c u s s i o n  has  been g i v e n , "  which i n c l u d e s  c o n s i d e r a t i o n s  of  
p r e v i o u s  work, of t h e  dependence of ( I  ) on t h e  l e n g t h  (molecular  
w e i g h t )  of network c h a i n s .  
t i o n s  up t o  r u p t u r e ,  t h e n  t h e o r e t i c a l  c o n s i d e r a t i o n s  show t h a t  (,b) 
M i ,  p rovided  (A ) 
t a i n i n g  r e l i a b l e  v a l u e s  f o r  M a s a t i s f a c t o r y  e v a l u a t i o n  has  n o t  been 
made of t h e  dependence of (A,,) 
ser ies  of Viton A-HV v u l c a n i z a t e s  suggest"  t h a t  ( \ )max a M0-' f o r  t h e s e  
v u l c a n i z a t e s  . 
b max 
I f  a network deforms a f f i n e l y  a t  a l l  deforma- 
oc 





C '  
on M2 f o r  any v u l c a n i z a t e s .  Data on a 
C 
F i g u r e  30 shows a p l o t  of l o g  (. ) vs . l o g  F (1) f o r  t h e  PMMA '.o max - 
polymers ,  where F ( 1 )  i s  t h e  modulus a t  1653C; f o r  t h e  "Ames"  polymers ,  
10-minute modulus v a l u e s  a t  1 5 3 ° C  a r e  used (see Table  V ) .  I f  t h e  modulus 
i s  p r o p o r t i o n a l  t o  v t h e n  F i g .  30 i n d i c a t e s  t h a t  (h ) a v - O S 9  2 a t  e '  b max e 
l e a s t  f o r  t h e  more h i g h l y  c r o s s l i n k e d  polymers .  F i g u r e  31 shows a p l o t  
of l o g  (A ) v s .  l o g  where ( v  ) was o b t a i n e d  from e q u i l i b r i u m  
s w e l l i n g  d a t a .  
b max - e s w  
2 .  S t r e s s - S t r a i n  C h a r a c t e r i s t i c s  
An examinat ion of p l o t s  of l o g  0 v s .  log t i n d i c a t e d  t h a t  t h e  c u r v e s  -
a t  d i f f e r e n t  t e m p e r a t u r e s  could  b e  superposed t o  g i v e  mas ter  p l o t s  l i k e  
t h o s e  shown f o r  t h e  u n c r o s s l i n k e d  PMM4 and t h e  c r o s s l i n k e d  PMMA polymers 
i n  F i g s .  14 and 19 .  However, i n s t e a d  of c o w i d e r i n g  t h e  t i m e  dependence 
d i r e c t l y ,  a t t e n t i o n  was given t o  the s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  a s  
55 
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FIG. 30 PLOT OF LOG vs. LOG F ( l )  FOR 
CROSSLINKED PMMA POLYMERS (Polycos t). 
F ( l )  is the I-minute modiilus at 165°C 
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FIG. 31 PLOT OF LOG VS.  LOG ( ve ) sw  FOR CROSSLINKED PMMA POLYMERS 
(Polycast). ( I / ~ ) ~ ~  is the moles of effective network chains per unit volume derived 
from equilibrium swelling data 
shown by p l o t s  of T(h) 
show l i n e a r  v i s c o e l a s t i c  behavior  a t  smal l  d e f o r m a t i o n s ,  T(h) w i l l  
approach t h e  s t r a i n  (lL-l)  i n  t h e  l i m i t  of z e r o  s t r a i n ,  r e g a r d l e s s  of 
t e s t  c o n d i t i o n s  and polymer c h a r a c t e r i s t i c s .  A t  l a r g e  d e f o r m a t i o n s ,  
r ( h )  shows t h e  network r e s p o n s e  c h a r a c t e r i s t i c  a t  a c o n s t a n t  v a l u e  of 
t i m e .  The r e s p o n s e  c h a r a c t e r i s t i c  c a n  b e  compared, f o r  example, w i t h  
t h a t  p r e d i c t e d  b y  t h e  s t a t i s t i c a l  t h e o r y  of e q u i l i b r i u m  e l a s t i c i t y .  
The response  (or s t r a i n )  f u n c t i o n  from t h i s  t h e o r y  is r(x) o/Ee = 
( h - h - 2 ) / 3 ,  where E 
3 G  = \jRT. 
c(. ' . , t ) /%(t)  - v s .  h .  Because polymeric  m a t e r i a l s  
i s  t h e  e q u i l i b r i u m  t e n s i l e  modulus g iven  by E = e e 
Although f o r  many rubber  v u l c a n i z a t e s  T(h) is t i m e -  and tempera ture-  
independent  o v e r  r a t h e r  extended ranges  of t h e s e  v a r i a b l e s ,  i t  i s  dependent 
on t e s t  c o n d i t i o n s  f o r  c e r t a i n  v u l c a n i z a t e s .  To i l l u s t r a t e  t h e  tempera ture  
dependence of T(h) f ~ ( h , t ) / F ( t ) ,  1-minute d a t a  f o r  a Viton A-HV v u l c a n i z a t e  
57 
a r e  shown i n  F i g .  32. 
i n c r e a s e s  from 58 t o  442 p s i  a s  t he  t empera tu re  i s  reduced  from 230 t o  
- 5 ° C ;  y e t ,  t h e  r a t i o  a ( l ) / F ( l )  i s  s e n s i b l y  t empera tu re  independent  for ex- 
t e n s i o n s  up t o  about  60%. 
become somewhat less  than  t h o s e  given by t h e  s t a t i s t i c a l  t h e o r y  e x p r e s s i o n ,  
(h-X-' )/3. 
p r e s c r i b e d  A i n c r e a s e s  a s  t h e  tempera ture  i s  dec reased  from 230 t o  25OC.  
For  t h i s  rubber  v u l c a n i z a t e ,  t h e  modulus F(1)273/T 
However, a s  t h e  e x t e n s i o n  i n c r e a s e s ,  t h e  v a l u e s  
A t  i n t e r m e d i a t e  e x t e n s i o n s ,  t h e  d e v i a t i o n  from (h -A- ' ) /3  a t  a 
I I I I I O.B 
0 6  
0 4  
0 2  
0 -- 
XI; 
b t L  




O B  
- 1  0 
I 
- 5  442 
I O  3 43 
25 31 I 
I 3 0  I 0 3  
2 3 0  5 8  
0 0. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
log x 
T A -  4 5 2 0  - 2 4  
FIG. 32 PLOT OF LOG a(l)/F(l) V S .  LOG h FOR VITON A-HV (A-3) VULCANIZATE 
SHOWING DATA AT SELECTED TEMPERATURES BETWEEN -5 AND 230°C 
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A t  t empera tures  below 2 5 O C ,  t h e  maximum e x t e n s i b i l i t y  (h ) d e c r e a s e s  
w i t h  a t e m p e r a t u r e  d e c r e a s e  (d iscussed  i n  S e c t i o n  IV-D-1). A t  tempera- 
t u r e s  above 25"C,  may be somewhat temperature-dependent .  Data 
on Viton A-HV v u l c a n i z a t e s  c r o s s l i n k e d  by d i f f e r e n t  amounts S ~ O W ~ J ~  t h a t  
t h e  d e v i a t i o n  of a ( l ) / F ( l )  from (X-h-')/3 becomes less  w i t h  an i n c r e a s e  
i n  c r o s s l i n k  d e n s i t y .  T h i s  behavior  i s  i n  agreement w i t h  t h a t  shown b y  
o t h e r  v u l c a n i z a t e s  and d i s c u s s e d  by Halp in ."  
m max 
I 
Values of 0(1)/F(1) f o r  t h e  PMMA sample,  Lot 17 ( F i g .  2 4 )  a r e  n e a r l y  
temperature- independent  between 125 and 165°C; however, t h e  d e v i a t i o n  
from (h-h-')/3 does become s l i g h t l y  l ess  a s  t h e  tempera ture  i s  d e c r e a s e d .  
The dependence of c(l)/F(l) on c r o s s l i n k  d e n s i t y  and tempera ture  i s  shown 
by t h e  d a t a  i n  F i g .  25.  G e n e r a l l y  s p e a k i n g ,  an  i n c r e a s e  i n  c r o s s l i n k  
d e n s i t y  l e a d s  t o  a r e d u c t i o n  i n  t h e  d e v i a t i o n  of o ( l ) , / F ( l )  from ( A - l - ' ) / 3 ;  
l i k e w i s e ,  t h e  d e v i a t i o n  d e c r e a s e s  a s  t h e  tempera ture  i s  reduced from 165 
t o  135OC. 
samples  a t  l a r g e  e x t e n s i o n s  l i e  c l o s e  t o  and above t h e  t h e o r e t i c a l  c u r v e  
b e c a u s e  of f i n i t e  e x t e n s i b i l i t y  e f f e c t s .  
In  t h e s e  p l o t s ,  c e r t a i n  p o i n t s  f o r  t h e  more h i g h l y  c r o s s l i n k e d  
I n  c o n t r a s t  t o  t h e  Vi ton  A-HVvulcaniza tes ,  o ( l ) / F ( l )  f o r  t h e  PMMA 
polymers ( P o l y c a s t  ) is  r e l a t i v e l y  independent  of t e m p e r a t u r e  and c r o s s -  
l i n k  d e n s i t y .  On t h e  o t h e r  hand,  owing t o  t h e  entanglement  network i n  
t h e  P W  polymers,  t h e  e f f e c t i v e  c r o s s l i n k  d e n s i t i e s  ( a s  g iven  by F ( 1 )  a t  
165OC) of a l l  polymers whose p r o p e r t i e s  a r e  shown i n  F i g .  25 d i f f e r  by 
less  t h a n  a f a c t o r  of t w o .  
on t e m p e r a t u r e  and c r o s s l i n k  d e n s i t y  i s  o p p o s i t e  t o  t h a t  shown by t h e  
Vi ton  A-HV v u l c a n i z a t e s  above 25OC.  
a t  which t h e  PMMA and Vi ton  A-HV polymers show t h e i r  maximum e x t e n s i b i l i t y  
s u g g e s t s  t h a t  i t  i s  v a l i d  t o  compare d a t a  on t h e  PMMA polymer a t  tempera- 
t u r e s  above about  125OC w i t h  t h o s e  on t h e  Vi ton  A-HV polymers above 2 5 O C . )  
However, t h e  s l i g h t  dependence of a ( l ) / F ( l )  
(A c o n s i d e r a t i o n  of t h e  t e m p e r a t u r e s  
F i g u r e  2 1  shows t h a t  t h e  A m e s  PMMA polymers behave d i f f e r e n t l y  than 
t h e  ones from P o l y c a s t  ( F i g s .  24 and 2 5 ) .  For  t h e  A m e s  polymers ,  t h e  
d e v i a t i o n  of a( 1 )/F (1) from (A-A-' )/3 i n c r e a s e s  a s  t h e  tempera ture  is 
r e d u c e d .  However, t h e  d e v i a t i o n  i s  less  f o r  t h e  sample c o n t a i n i n g  0.3s 
EMU t h a n  f o r  t h e  one c o n t a i n i n g  0.8$ EDMA. 
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From t h e  r e s u l t s  shown, new conclus ions  have n o t  y e t  been drawn 
about  r e l a t i o n s  between s t r u c t u r a l  f a c t o r s  and t h e  i n h e r e n t  shape  of t h e  
s t r e s s - s t r a i n  c u r v e .  The m a t e r i a l  p r e s e n t e d  was based on a f i r s t - a p p r o x i -  
mat ion t y p e  of a n a l y s i s .  A r e f i n e d  a n a l y s i s  would r e q u i r e  an e s t i m a t e  t o  
be made of t h e  maximum e x t e n s i b i l i t y  ( t h e  h y p o t h e t i c a l  v a l u e  i n  t h e  absence  
of r u p t u r e )  a t  e a c h  t e m p e r a t u r e .  These v a l u e s  would permit  a comparison 
t o  b e  made of t h e  T(h) d a t a ,  a t  a l l  e x t e n s i o n s  and t e m p e r a t u r e s ,  a t  t h o s e  
v a l u e s  of A which r e p r e s e n t  e q u a l  f r a c t i o n s  of t h e  maximum e x t e n s i b i l i t y .  
60 
Continuous and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  d a t a  w e r e  o b t a i n e d  on 
a number of PMMA polymers c r o s s l i n k e d  w i t h  e t h y l e n e  g l y c o l  d i m e t h a c r y l a t e  
(EDMA) and w i t h  hexamethylene g lycol  d i m e t h a c r y l a t e  (HDMA). Data were 
o b t a i n e d  under  vacuum ( c a .  1 microll) a t  t empera tures  up t o  about  245OC; 
tests were a l s o  made under  a tmospheric  c o n d i t i o n s ,  p r i m a r i l y  a t  18loC, 
and under helium a t  222OC. The r e s u l t s  show t h a t  no chains--or a t  l e a s t  
r e l a t i v e l y  few--form d u r i n g  d e g r a d a t i o n  and t h a t  t h e  EDMA- and HCMA- 
c r o s s l i n k e d  polymers have s t a b i l i t y  c h a r a c t e r i s t i c s  which a r e  e s s e n t i a l l y  
i d e n t i c a l  under a l l  t es t  c o n d i t i o n s .  
-
R e l a x a t i o n  d a t a  under vacuum a t  225OC show t h a t  e f f e c t i v e  network 
c h a i n s  do n o t  break  d u r i n g  p e r i o d s  exceeding 1000 m i n u t e s ,  even though 
weight  losses up t o  14$ ( p o s s i b l y  more) w e r e  observed .  R e s u l t s  from tes ts  
i n  hel ium and vacuum environments  were s e n s i b l y  i d e n t i c a l  and t h u s  t h e  
r a p i d  d e g r a d a t i o n  observed  under a tmospheric  c o n d i t i o n s  a t  180-ZOOo C 
i s  caused  by oxygen. 
The s t ress  was observed t o  decay e x p o n e n t i a l l y  w i t h  t i m e  a t  245OC. 
Such r e s u l t s  on f o u r  polymers whose c r o s s l i n k e r  c o n c e n t r a t i o n s  d i f f e r  by 
s i x - f o l d  gave a r a t e  c o n s t a n t  f o r  cha in  s c i s s i o n  which i s  s e n s i b l y  inde-  
pendent of c r o s s l i n k e r  c o n c e n t r a t i o n .  However, weight  losses ( f r o m  i n i t i a l  
and f i n a l  w e i g h t s  of specimens)  were found t o  range up t o  63% and t o  i n -  
c r e a s e  w i t h  a d e c r e a s e  i n  c r o s s l i n k e r  c o n c e n t r a t i o n .  Although t h e s e  
f i n d i n g s  a r e  c o n s i s t e n t  w i t h  t h e  assumption t h a t  chemical  j u n c t i o n  p o i n t s  
i n  t h e  network e f f e c t  t h e  t e r m i n a t i o n  of a d e p o l y x e r i z i n g  c h a i n ,  t h i s  be- 
h a v i o r  i s  u n l i k e l y  and i s  a t  v a r i a n c e  w i t h  p u b l i s h e d  d a t a .  An e x p l a n a t i o n  
f o r  t h e  p r e s e n t  r e s u l t s  is not  g iven .  However, a s i g n i f i c a n t  f r a c t i o n  of 
t h e  weight  l o s s  d u r i n g  t h e  e a r l y  s t a g e  of decomposi t ion can a r i s e  from 
t h e  decomposi t ion of s o l ,  which unques t ionably  c o n t a i n s  a h i g h e r  concen- 
t r a t i o n  of double  bonds t h a n  t h e  network. 
T e n s i l e  s t r e s s - s t r a i n  d a t a  were o b t a i n e d  a t  v a r i o u s  c o n s t a n t  ex ten-  
s i o n  r a t e s  on c r o s s l i n k e d  and uncross l inked  PMMA polymers a t  t empera tures  
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between about  125 and 185OC. Derived v a l u e s  of t h e  1-minute modulus a t  
1 6 5 O C ,  even though t h e y  were n o t  e q u i l i b r i u m  ones ,  were c o n s i d e r e d  to  
be propor t iona l - -as  a f i r s t  approximation--to t h e  e f f e c t i v e  c r o s s l i n k  
d e n s i t y .  Except f o r  s e v e r a l  polymers c o n t a i n i n g  a h igh  c o n c e n t r a t i o n  of 
c r o s s l i n k e r ,  t h e  moduli of t h e  c r o s s l i n k e d  and u n c r o s s l i n k e d  polymers 
w e r e  a lmost  i d e n t i c a l .  T h i s  behavior  shows t h a t  t h e  PMMA polymers have 
a h i g h  d e n s i t y  of entanglement  j u n c t i o n  p o i n t s .  Because of t h i s  t i g h t  
en tanglement  c o u p l i n g ,  a chemical  c r o s s l i n k i n g  a g e n t  h a s  l i t t l e  e f f e c t  
on t h e  modulus a t  1 6 5 O C  unless i t s  C o n c e n t r a t i o n  is s u f f i c i e n t l y  g r e a t  
t o  g i v e  c h a i n s  which have a lower molecular  weight  t h a n  t h o s e  i n  t h e  
entanglement  network.  To o b t a i n  a n o t h e r  measure of c r o s s l i n k  d e n s i t y ,  
e q u i l i b r i u m  s w e l l i n g  measurements w e r e  made on t h e  c r o s s l i n k e d  polymers 
i n  t w o  s o l v e n t s .  The r e s u l t s  show t h a t  some e n t a n g l e d  c h a i n s  a r e  d i s -  
r u p t e d  d u r i n g  s w e l l i n g ,  a l though t h e  f i n a l  swollen polymers s t i l l  con- 
t a i n  a l a r g e  f r a c t i o n  of permanently e n t a n g l e d  c h a i n s .  
Time-temperature s u p e r p o s i t i o n  was a p p l i e d  t o  d a t a  Lhtained a t  ex- 
t e n s i o n s  up t o  250% on an  uncross l inked  and t w o  c r o s s l i n k e d  PMMA polymers.  
In t h i s  way p l o t s  w e r e  o b t a i n e d  of l o g  oT,/T v s .  l o g  t: d f o r  each  c u r v e  
stress v a l u e s  a r e  a t  t h e  same e x t e n s i o n  r a t i o .  Values of t h e  tempera ture  
s h i f t  f a c t o r ,  a o b t a i n e d  b y  superpos ing  d a t a ,  w e r e  found t o  conform t o  
t h e  W L F  e q u a t i o n .  From t h e  reduced c u r v e s ,  t h e  n o n l i n e a r  s t r a i n  f u n c t i o n  
T ( A ) ,  which e q u a l s  t h e  s t ress  d iv ided  by t h e  modulus e v a l u a t e d  a t  z e r o  
s t r a i n ,  was o b t a i n e d  a s  a f u n c t i o n  of e i t h e r  t i m e  o r  t e m p e r a t u r e ;  a t  
l a r g e  v a l u e s  of A ,  t h e  f u n c t i o n  depends somewhat on t h e  t i m e  o r  tempera- 
t u r e .  
I’ ’ -
T’ 
The s t r a i n  f u n c t i o n  T(A) was a l s o  d e r i v e d  from 1-minute s t r e s s - s t r a i n  
d a t a  f o r  a number of PMMA polymers c r o s s l i n k e d  w i t h  EDhM and HDMA. The 
r e s u l t s  w e r e  compared w i t h  t h e  s t r a i n  f u n c t i o n ,  (A-A-’)/3, g i v e n  by t h e  
s t a t i s t i c a l  t h e o r y  of r u b b e r l i k e  e l a s t i c i t y .  Except f o r  e x t e n s i o n s  a t  
which f i n i t e  e x t e n s i b i l i t y  e f f e c t s  become i m p o r t a n t ,  t h e  comparison 
showed t h a t  T(A) i s  somewhat less t h a n  (h-A-2)/3, and t h a t  t h e  stress- 
s t r a i n  c h a r a c t e r i s t i c s  a r e  q u i t e  s i m i l a r  t o  t h o s e  f o r  many c o n v e n t i o n a l  
r u b b e r  v u l c a n i z a t e s .  
t empera ture  and c r o s s l i n k e r - - e s p e c i a l l y  a t  l a r g e  e x t e n s i o n s .  For  t h e  
I t  was found t h a t  T ( h )  depends t o  some d e g r e e  on 
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m a j o r i t y  of t h e  polymers s t u d i e d ,  T(A) t e n d s  t o  approach (h -A" ) /3  a s  
e i t h e r  t h e  t empera tu re  i s  reduced or t h e  c r o s s l i n k e r  c o n c e n t r a t i o n  is 
i n c r e a s e d .  
n o t  s p e c i f i c a l l y  c o n s i d e r e d .  A l so ,  t h e  r e s u l t s  d i d  n o t  l e a d  t o  an  ex- 
p l a n a t i o n  f o r  t h e  d e v i a t i o n  between r(A) and (A-h-')/3 o r  f o r  t h e  depend- 
ence  of t h e  d e v i a t i o n  on tempera ture  and c r o s s l i n k e r  c o n c e n t r a t i o n .  How- 
e v e r ,  because  of t h e  h igh  c o n c e n t r a t i o n  of en tang led  c h a i n s ,  t h e  r e s u l t s  
might  be expec ted  t o  be i n s e n s i t i v e  t o  t h e  c r o s s l i n k e r  c o n c e n t r a t i o n .  
The e f f e c t  of t h e  f i n i t e  e x t e n s i b i l i t y  of c h a i n s  on r(A) was 
Zilt imate p r o p e r t y  d a t a  w e r e  used t o  p r e p a r e  t i m e -  and tempera ture-  
independent  f a i l u r e  envelopes  g iven  by p l o t s  of l o g  $obT,/T v s .  l o g  (\-1) 
The shape  of t h e  r e s u l t i n g  envelopes  were  found t o  be s e n s i b l y  independent  
of t h e  c r o s s l i n k e r  c o n c e n t r a t i o n ,  and t h u s  t h e y  can be  superposed ,  w i t h i n  
t h e  expe r imen ta l  u n c e r t a i n t y ,  by s h i f t i n g  them a long  t h e  a b s c i s s a .  The 
maximum e x t e n s i b i l i t y  , 
found t o  depend on t h e  1-minute modulus, F ( 1 ) ,  a t  165OC accord ing  t o :  
-
ob ta ined  from each f a i l u r e  envelope ,  was ('b 'max ' 
a [ F ( l ) ] - 0 . 9 .  Th i s  dependence i s  on ly  an approximate one ,  and 
f o r  l o w  v a l u e s  of t h e  modulus, ( \ Imax i s  less dependent  on F ( 1 ) .  
Time-temperature  r e d u c t i o n  was a p p l i e d  t o  supe rpose  u l t i m a t e  p r o p e r t y  
d a t a  f o r  one c r o s s l i n k e d  polymer. The o b t a i n e d  s h i f t  f a c t o r s  f o l l o w  t h e  
Arrhenius- type  e q u a t i o n  and g i v e  an a c t i v a t i o n  energy of about  46 Kcal .  
T h i s  b e h a v i o r ,  which has  a l s o  been found f o r  s e v e r a l  o t h e r  e l a s t o m e r s ,  
i n d i c a t e s  t h a t  a v a l u e s  from t h e  WLF e q u a t i o n  a r e  no t  always a p p l i c a b l e  
t o  supe rpose  u l t i m a t e  p r o p e r t y  d a t a .  
T 
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APPEXDIX I 
CONSTRUCTION AND OPERATION OF THE VACULM RELAXOMETER 
A r e l axomete r  was des igned  f o r  s t u d y i n g  t h e  thermal  s t a b i l i t y  of 
c r o s s l i n k e d  PMMA polymers a t  e l e v a t e d  t empera tu res  under vacuum and 
o t h e r  envi ronmenta l  c o n d i t i o n s  by the con t inuous  and i n t e r m i t t e n t  stress- 
r e l a x a t i o n  method. For t h i s  purpose, specimens for t h e  con t inuous  and 
i n t e r m i t t e n t  tests should  be s u b j e c t e d  t o  i d e n t i c a l  vacuum and thermal  
c o n d i t i o n s .  Th i s  Appendix g i v e s  a d e t a i l e d  d e s c r i p t i o n  of t h e  a p p a r a t u s  
c o n s t r u c t e d  and t h e  o p e r a t i o n a l  p rocedures .  
A .  D e s c r i p t i o n  of t h e  Apparatus  
1. Mechanical C o n s t r u c t i o n  and Layout 
The r e l a x o m e t e r ,  shown i n  F i g .  1-1, is  c o n s t r u c t e d  on bo th  s i d e s  of 
a l a r g e  b r a s s  p l a t e  suppor t ed  about f i v e  f e e t  above t h e  f l o o r  by an  
ang le - i ron  frame. A c i r c u l a r  vacuum p l a t e  is mounted about  3 i n c h e s  
below and p a r a l l e l  t o  t h e  b r a s s  p l a t e .  At tached  benea th  t h e  vacuum 
p l a t e  i s  a 6- inch  b r a s s  can i n  which a r e  t h e  l o a d  c e l l s ,  specimens,  and 
t h e  lower p o r t i o n  of t h e  e x t e n s i o n  rods  used t o  s t r e t c h  t h e  specimens;  
t h e  f r o n t  of t h e  can i s  c u t  away, exposing t h e  enc losed  components ( F i g .  
1-1). E i t h e r  an 8- inch  g l a s s  b e l l  j a r  or an e q u i v a l e n t  copper  v e s s e l  is 
p laced  around t h e  cut-away b r a s s  can and mounted f l u s h  w i t h  t h e  vacuum 
p l a t e  t o  form a vacuum chamber. 
Above t h e  main b r a s s  p l a t e  a r e  mounted t h e  d i f f u s i o n  pump, c o l d  
t r a p ,  vacuum gages ,  b a t h  a g i t a t i o n  motor ,  and a framework which g u i d e s  
t h e  e x t e n s i o n  r o d s  which ex tend  through t h e  b r a s s  and vacuum p l a t e s  i n t o  
t h e  vacuum chamber below. S i l i c o n e  Red Rubber O-rings* a r e  used t o  form 
t h e  n e c e s s a r y  s e a l s  where t h e  ex tens ion  rods  pas s  through t h e  vacuum 
p l a t e  and a l s o  where t h e  copper  v e s s e l  (or b e l l  j a r )  meets  t h e  vacuum 
~ 
* P o r t e r  S e a l  Company, Hayward, C a l i f o r n i a .  
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p l a t e .  
w e r e  s t i l l  s u i t a b l e  f o r  t w o  or t h r e e  s u c c e s s i v e  t e s t s . )  
(Although t h e  O-r ings a c q u i r e d  some permanent se t  a t  2509,  they  
The a p p a r a t u s  c o n t a i n s  t h r e e  l o a d  s t a t i o n s .  A t  each s t a t i o n ,  t h e  
clamp a t  t h e  upper end of a specimen i s  a t t a c h e d  t o  an  e x t e n s i o n  r o d ;  
t h e  lower clamp is  a t t a c h e d  t o  a c a n t i l e v e r  beam l o a d  c e l l  which is  
mounted on t h e  bottom of t h e  b r a s s  c a n .  F i g u r e  1-1 shows t h e  clamps 
u s e d  f o r  s t r i p  specimens.  However, t h e  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  
w e r e  o b t a i n e d  on r i n g - t y p e  specimens; such  a specimen is  p l a c e d  l o o s e l y  
over  s p e c i a l l y  des igned  hooks,  t h e  upper one b e i n g  connected t o  t h e  ex- 
t e n s i o n  r o d  w i t h  a s t a i n l e s s  steel p o i n t - c o n t a c t  l i n k  t o  minimize h e a t  
c o n d u c t i o n .  Heat conduct ion  a t  t h e  lower hook was reduced by mounting 
t h e  a t t a c h e d  l o a d - c e l l s  on knife-edges.  
The e x t e n s i o n  r o d  a t  t h e  c e n t e r  l o a d  s t a t i o n  can be r a i s e d  s lowly  
by a worm g e a r  and rack-and-pinion assembly.  T h i s  s t a t i o n  i s  used t o  
o b t a i n  a p r e l i m i n a r y  i n d i c a t i o n  of t h e  f o r c e  which i s  expected when t h e  
o t h e r  t w o  specimens a r e  ex tended .  Specimens a t  t h e  l e f t  and r i g h t  l o a d  
s t a t i o n s  a r e  extended r a p i d l y  us ing  t h e  h a n d l e  a t t a c h e d  t o  t h e  upper  
end of each  e x t e n s i o n  r o d .  A s  shown i n  F i g .  1-1, each e x t e n s i o n  r o d  i s  
t h r e a d e d  above t h e  b r a s s  p l a t e  and i s  f i t t e d  w i t h  a k n u r l e d  n u t  between 
t h e  main b r a s s  p l a t e  and a h o r i z o n t a l  u p p e r - l i m i t  b a r .  By p o s i t i o n i n g  
t h e  n u t ,  t h e  upward t r a v e l  of an  ex tens ion  r o d  i s  l i m i t e d  and a specimen 
can be q u i c k l y  extended t o  t h e  d e s i r e d  amount. 
Temperature i n  t h e  vacuum chamber is main ta ined  b y  a s t i r r e d  l i q u i d  
b a t h  c o n s i s t i n g  of two c o n c e n t r i c  metal  t a n k s  w i t h  i n s u l a t i o n  i n  t h e  
a n n u l a r  s p a c e .  The b a t h ,  which i s  suspended on c h a i n s ,  is r a i s e d  w i t h  
a c r a n k  u n t i l  t h e  vacuum chamber and vacuum p l a t e  a r e  comple te ly  immersed 
i n  t h e  b a t h  l i q u i d .  
sium n i t r a t e ,  7% sodium n i t r a t e ,  and 405 sodium n i t r i t e .  T h i s  m i x t u r e ,  
which has  a m e l t i n g  p o i n t  of about 14OoC, is  s t a b l e  a t  t empera tures  up 
t o  about  45OoC f o r  a n  i n d e f i n i t e  p e r i o d .  
500-watt  s t a i n l e s s  s tee l  immersion h e a t e r s .  One h e a t e r  i s  o p e r a t e d  con- 
t i n u o u s l y  a t  t h e  power l e v e l  which y i e l d s  about  905 of t h e  h e a t  n e c e s s a r y  
t o  m a i n t a i n  t e s t  t e m p e r a t u r e ;  t h e  o t h e r  h e a t e r  i s  a c t i v a t e d  by a thermal  
r e g u l a t o r  and r e l a y .  Nine c a l i b r a t e d  copper -cons tan tan  thermocouples  a r e  
The b a t h  l i q u i d  i s  a e u t e c t i c  m i x t u r e  of 53$ p o t a s -  
The b a t h  i s  h e a t e d  by t w o  
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used  t o  measure t empera tu re ;  s i x  a r e  p l aced  w i t h i n  t h e  vacuum chamber 
and t h e  remain ing  t h r e e  a t  va r ious  p o i n t s  i n  t h e  b a t h .  
Vacuum i s  o b t a i n e d  w i t h  a Welch Model 5-71740 forepump i n  series 
w i t h  a CEC Model V F M - 1 0  o i l  d i f f u s i o n  pump. P r e s s u r e  i s  de termined  w i t h  
a P i r a n i  gage a t  p r e s s u r e s  down t o  about  one micron and w i t h  a ho t -ca thode  
i o n i z a t i o n  gage a t  lower p r e s s u r e s .  The P i r a n i  gage is mounted i n  t h e  
one-inch-diameter  copper  vacuum l i n e  about  20 i n c h e s  from t h e  vacuum cham- 
b e r  and about  t h e  same d i s t a n c e  from t h e  d i f f u s i o n  pump. I t  was n o t  
p r a c t i c a l  t o  p l a c e  t h e  gage much c l o s e r  t o  t h e  vacuum chamber s i n c e  t h e  
h i g h  t empera tu res  would i n t e r f e r e  w i t h  gage o p e r a t i o n .  
2 .  Load C e l l s  and E l e c t r i c a l  Components 
Because smal l  f o r c e s  were t o  be  measured, t h e  l o a d  c e l l s  w e r e  p l a c e d  
i n s i d e  t h e  vacuum chamber t o  avoid t h e  e r r o r s  which r e s u l t  from t r a n s -  
m i t t i n g  a f o r c e  through a s e a l i n g  r i n g  t o  an e x t e r n a l  l o a d  c e l l .  Thus, 
s p e c i a l  l o a d  c e l l s  were c o n s t r u c t e d  t o  w i t h s t a n d  h i g h  t e m p e r a t u r e s .  Each 
l o a d  c e l l  c o n s i s t s  of a 17-7 PH s t a i n l e s s  steel c a n t i l e v e r  beam, approxi -  
ma te ly  2 .75  inches  l o n g  and 0.5 inch wide,  f a s t e n e d  h o r i z o n t a l l y  t o  t h e  
bot tom of t h e  b r a s s  can i n s i d e  the  vacuum chamber. A r e s i s t a n c e  s t r a i n  
gage* i s  welded on b o t h  t h e  t o p  and bot tom s u r f a c e s  of t h e  beam where 
t h e  s t r e s s  i n  a b e n t  beam i s  a maximum. The components of t h e  l o a d  c e l l  
a r e  c o a t e d  w i t h  an i n o r g a n i c  cement which does n o t  evo lve  gaseous  p roduc t s  
a t  e l e v a t e d  t e m p e r a t u r e s .  The beam i n  a l oad  c e l l  i s  0 .025  i n c h  t h i c k ;  
f o r c e s  up t o  400 grams can b e  de te rmined .  F l e x u r a l  o s c i l l a t i o n s  of t h e  
t h i n  beam p reven t  measurements a t  t i m e s  s h o r t e r  t han  about  one second.  
Load c e l l s  which have h i g h e r  c a p a c i t y  were made u s i n g  t h i c k e r  beams, b u t  
t h e s e  were n o t  used f o r  t h e  t e s t s  d i s c u s s e d  i n  t h i s  r e p o r t .  
The two s t r a i n  gages i n  a l o a d  ce l l  c o n s t i t u t e  a d j a c e n t  arms of a 
Wheats tone b r i d g e  ( F i g .  1-2) e x c i t e d  by 5-10 v o l t s  D.C.  Upon a p p l y i n g  
a f o r c e  t o  t h e  l o a d  c e l l ,  t h e  r e s i s t a n c e  change i n  t h e  s t r a i n  gages 
c a u s e s  a v o l t a g e  imbalance which is  p r o p o r t i o n a l  t o  t h e  f o r c e .  Placement  
*Microdot C o r p o r a t i o n ,  I n s t r u m e n t a t i o n  D i v i s i o n ,  220 Pasadena Ave . ,  South 


























of t h e  s t r a i n  gages i n  a d j a c e n t  arms of t h e  b r i d g e  improves t h e  t e m -  
p e r a t u r e  s t a b i l i t y ,  s i n c e  s p u r i o u s  o u t p u t s  t e n d  t o  c a n c e l .  The o t h e r  
( c o m p l e t i o n )  arms of t h e  b r i d g e ,  l o c a t e d  o u t s i d e  t h e  a p p a r a t u s ,  a r e  
matched p r e c i s i o n  wire-wound Manganin res is tors ,  chosen t o  minimize 
b r i d g e  imbalances caused by changes i n  room t e m p e r a t u r e .  
The s t r a i n  gages a r e  h e a t  t r e a t e d  t o  o b t a i n  a n e g a t i v e  change i n  
r e s i s t a n c e  w i t h  tempera ture  which p a r t i a l l y  compensates f o r  t h e  i n c r e a s e  
i n  r e s i s t a n c e  (and r e s u l t a n t  br idge  imbalance)  caused by thermal  expan- 
s i o n  of t h e  beam. T e s t s  made a t  10 v o l t s  e x c i t a t i o n  a t  250°C showed t h a t  
t h e  r e s i d u a l  imbalance was about  1 m i l l i v o l t .  Before  each t e s t ,  t h i s  
e l e c t r i c a l  imbalance was zeroed o u t  u s i n g  a b a l a n c i n g  c i r c u i t .  Although 
t h e  i n h e r e n t  s e n s i t i v i t y  of an i n d i v i d u a l  s t r a i n  gage d e c r e a s e s  by about  
0.018$/"C1 t h i s  change i s  n o t  r e f l e c t e d  i n  t h e  l o a d  c e l l  s e n s i t i v i t y  be- 
c a u s e  t h e  f l e x u r a l  modulus of a s t a i n l e s s  s tee l  beam a l s o  d e c r e a s e s  w i t h  
t e m p e r a t u r e .  For  a g i v e n  f o r c e ,  t h e  i n c r e a s e d  d e f l e c t i o n  of t h e  beam a t  
h i g h e r  t e m p e r a t u r e s  t e n d s  t o  compensate f o r  t h e  d e c r e a s e d  s e n s i t i v i t y  of 
t h e  s t r a i n  g a g e s ,  and t h e  l o a d  cell  s e n s i t i v i t y  should  remain r e l a t i v e l y  
c o n s t a n t .  
S e p a r a t e  e x c i t a t i o n  i s  provided fo r  each of t h e  t h r e e  l o a d  c e l l s ,  
a s  shown i n  F i g .  1-2. The power suppl ies*  have t h e i r  p o s i t i v e  e r r o r  
s e n s o r  l e a d s  connected t o  t h e  s t r a i n  gages i n s i d e  t h e  vacuum chamber; 
t h i s  i n s u r e s  t h a t  t h e  e x c i t a t i o n  v o l t a g e  on t h e  s t r a i n  gages remains 
i d e n t i c a l  w i t h  t h a t  developed w i t h i n  t h e  power s u p p l y .  I n  t h i s  way, a 
d r i f t  i n  t h e  e x c i t a t i o n  v o l t a g e  i s  e l i m i n a t e d .  
An imbalance i n  t h e  l o a d  c e l l  c i r c u i t  i s  z e r o e d  o u t  by two v a r i a b l e  
r e s i s t o r s  i n  p a r a l l e l  w i t h  t h e  b r i d g e  and w i t h  t h e i r  c e n t e r  t a p s  connec ted  
t o  t h e  p o s i t i v e  s i d e  of t h e  b r i d g e  o u t p u t .  One res is tor  (10 K R) is used 
f o r  c o a r s e  a d j u s t m e n t ,  w h i l e  t h e  o t h e r  (a  v a r i a b l e  10 K R resistor between 
t w o  500 K Q f i x e d  resistors) is  used for f i n e  a d j u s t m e n t .  
"Endevco Model SR-200 EHP s o l i d - s t a t e  feedback  t y p e ,  Endevco C o r p o r a t i o n ,  
801 South Arroyo Parkway, Pasadena, C a l i f o r n i a  . 
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F i g u r e  1-2 shows t h e  e l e c t r i c a l  connec t ions  among t h e  s t r a i n  g a g e s ,  
b r i d g e  complet ion r e s i s t o r s ,  b a l a n c i n g  c i r c u i t s ,  and t h e  two-channel 
r e c o r d e r . *  A s w i t c h  a l l o w s  s e l e c t i o n  of o u t p u t  from e i t h e r  t h e  c e n t e r  
( " p r e l i m i n a r y " )  or r i g h t  l o a d  ce l l .  
B . O p e r a t i o n a l  Procedures  
I n i t i a l  tes ts  w e r e  made on r e c t a n g u l a r  s t r i p  specimens.  However, 
a n  a c c u r a t e  ad jus tment  of t h e  b r i d g e  imbalance a t  t h e  t es t  tempera ture  
c o u l d  n o t  be made owing t o  t h e  thermal expansion of a specimen which 
produced a f o r c e  on t h e  l o a d  c e l l .  
and r u p t u r e  i n  t h e  clamps. Thus, t h e  r i n g - t y p e  specimens used f o r  t e n -  
s i l e  t e s t s  (Appendix 11) w e r e  s e l e c t e d  f o r  use i n  t h e  r e l a x o m e t e r .  A 
r i n g  was p laced  over  hooks (each hook i s  a c t u a l l y  a s p e c i a l  d e v i c e  con- 
t a i n i n g  a rod  t o  s u p p o r t  t h e  r i n g )  a t t a c h e d  t o  t h e  l o a d  c e l l  and ex ten-  
s i o n  r o d  i n  t h e  r e l a x o m e t e r .  
A l s o ,  t h e  specimens tended  t o  s l i p  
P r i o r  t o  i n s e r t i n g  t h e  r i n g  specimens,  each of t h e  t h r e e  l o a d  ce l l s  
was c a l i b r a t e d  w i t h  a 100-gram weight a t t a c h e d  t o  a hook which was under- 
n e a t h  t h e  l o a d  c e l l  and extended through t h e  b r a s s  can t o  t h e  l o a d  c e l l .  
Although t h i s  l o a d i n g  deforms a load c e l l  i n  t h e  d i r e c t i o n  o p p o s i t e  t o  
t h a t  d u r i n g  a r e l a x a t i o n  t es t ,  c a l i b r a t i o n  tests made by l o a d i n g  t h e  
l o a d  ce l l s  i n  t h e  o p p o s i t e  d i r e c t i o n  showed no d i f f e r e n c e  i n  t h e  e l e c t r i -  
c a l  o u t p u t .  A s  p a r t  of t h e  c a l i b r a t i o n  procedure ,  t h e  e x c i t a t i o n  v o l t a g e  
was a d j u s t e d  t o  g i v e  an o u t p u t  of 1 m i l l i v o l t  p e r  100 grams, and t h e  re- 
c o r d e r  s e n s i t i v i t y  was set t o  g i v e  a n  a p p r o p r i a t e  d i sp lacement  on t h e  
r e c o r d e r  c h a r t  for t h e  expec ted  l o a d .  
Each specimen was c leaned  with methanol and weighed, and i t s  t h i c k -  
n e s s  and d iameter  were measured. Thorwlghly c l e a n e d  hooks w e r e  a t t a c h e d  
t o  t h e  l o a d  ce l l s  and e x t e n s i o n  rods ,  and t h e  specimens w e r e  p l a c e d  
l o o s e l y  over  t h e  hooks.  A f t e r  b a l a n c i n g  t h e  l o a d  c e l l  b r i d g e  c i r c u i t s ,  
each e x t e n s i o n  rod  was s lowly  r a i s e d  by t u r n i n g  t h e  k n u r l e d  n u t  u n t i l  
a s l i g h t  d e f l e c t i o n  on t h e  r e c o r d e r  showed t h a t  t h e  specimen was i n  
*Type R-S two-channel O f f n e r  Dynagraph, Beckman I n s t r u m e n t s ,  I n c . ,  O f f n e r  
D i v i s i o n ,  3900 R i v e r  Road, S c h i l l e r  P a r k ,  I l l i n o i s .  
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c o n t a c t  w i t h  t h e  hooks.  The copper vacuum housing was t h e n  i n s t a l l e d  
and t h e  assembly was evacuated  f o r  s e v e r a l  hours  ( u s u a l l y  o v e r n i g h t )  a t  
room t e m p e r a t u r e .  
T o  speed a t t a i n m e n t  of thermal e q u i l i b r i u m ,  t h e  l i q u i d  b a t h  was 
h e a t e d  2O-4O0C above t h e  d e s i r e d  t e s t  t e m p e r a t u r e  and t h e n  r a i s e d  t o  
sur round t h e  vacuum chamber. Adsorption of h e a t  by t h e  chamber brought  
t h e  b a t h  and specimens t o  t h e  test  tempera ture  n e a r l y  s imul taneous ly  i n  
about  1.5-2 h o u r s .  
A f t e r  thermal  e q u i l i b r i u m  had been a t t a i n e d ,  t h e  p o s i t i o n  of a s c r i b e  
mark on e a c h  e x t e n s i o n  r o d  was measured w i t h  a c a t h e t o m e t e r ,  and t h e  re- 
s i d u a l  e l e c t r i c a l  imbalance i n  each b r i d g e  c i r c u i t  was zeroed  o u t .  The 
upper  l i m i t  b a r  was lowered a g a i n s t  t h e  t o p s  of t h e  knur led  n u t s  on t h e  
e x t e n s i o n  r o d s  and it  was f i r m l y  locked t o  t h e  c e n t e r  e x t e n s i o n  r o d  w i t h  
a setscrew. The c e n t e r  rod  was then r a i s e d  s l o w l y ,  ex tending  t h e  s p e c i -  
men and c a r r y i n g  t h e  l i m i t  b a r  upward. When t h e  d e s i r e d  e x t e n s i o n  was 
a t t a i n e d  ( i n d i c a t e d  by t h e  p o s i t i o n  of t h e  s c r i b e  mark) ,  t h e  l i m i t  b a r  
was l o c k e d  t o  t h e  g u i d e s  by s e t s c r e w s .  T h i s  procedure  i n s u r e d  t h a t  t h e  
remain ing  two specimens c o u l d  b e  extended by t h e  same amount a s  t h e  
c e n t e r  specimen.  
Continuous measurements were begun on t h e  specimen a t  t h e  l e f t  l o a d  
s t a t i o n  by r a p i d l y  p u l l i n g  t h e  ex tens ion  r o d  u n t i l  t h e  k n u r l e d  n u t  h i t  
t h e  upper  l i m i t  b a r ;  t h e  rod  was locked i n  t h i s  p o s i t i o n  by a setscrew 
on t h e  l i m i t  b a r .  The developed f o r c e  was monitored c o n t i n u o u s l y  w i t h  
t h e  r e c o r d e r  w h i l e  i t  was changing r a p i d l y ;  s u b s e q u e n t l y ,  i t  was p e r i o d i -  
c a l l y  de te rmined .  
I n t e r m i t t e n t  measurements were begun a t  t h e  r i g h t  l o a d  s t a t i o n  a few 
minutes  f o l l o w i n g  i n i t i a t i o n  of the  c o n t i n u o u s  t e s t .  These w e r e  s t a r t e d  
by e x t e n d i n g  t h e  specimen r a p i d l y ,  a s  i n  a c o n t i n u o u s  t e s t ,  h o l d i n g  it i n  
t h e  extended p o s i t i o n  f o r  a s h o r t  t i m e  w h i l e  measuring t h e  f o r c e  on t h e  
r e c o r d e r ,  t h e n  r e t u r n i n g  i t  t o  i t s  i n i t i a l  u n s t r e s s e d  p o s i t i o n .  T h i s  
procedure  was r e p e a t e d  p e r i o d i c a l l y .  
To de termine  t h e  e x t e n t  of e l e c t r i c a l  d r i f t  d u r i n g  a t e s t ,  t h e  l o a d  
on t h e  c o n t i n u o u s l y  s t r e s s e d  specimen was o c c a s i o n a l l y  r e l e a s e d  f o r  a 
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s h o r t  p e r i o d  t o  obse rve  t h e  r eco rde r  b a s e l i n e .  For t h e  i n t e r m i t t e n t l y  
loaded  specimen,  t h e  b a s e l i n e  was always known b e f o r e  and a f t e r  each  
l o a d i n g .  
During t h e  c o u r s e  of a r u n ,  t h e  s i x  thermocouples  w e r e  used  t o  moni- 
t o r  t h e  t empera tu re  and i t s  d i s t r i b u t i o n .  Two thermocouples ,  each  capped 
w i t h  a sma l l  p i e c e  of PMMA, were p laced  nea r  each  of t h e  t h r e e  specimens.  
These  measurements a s  w e l l  a s  o t h e r s  w i t h  t h e  thermocouples  i n  d i r e c t  con- 
t a c k  w i t h  v a r i o u s  p a r t s  of t h e  a p p a r a t u s  showed t h a t  t h e  t empera tu re  was 
uni form t o  w i t h i n  one degree  throughout  t h e  chamber. P rev ious  tests w i t h  
thermocouples  embedded d i r e c t l y  i n  s t r i p  specimens showed t h e  t empera tu re  
g r a d i e n t  i n  a specimen was l e s s  than  one degree .  The t empera tu re  d r i f t  
d u r i n g  a r u n  l a s t i n g  s e v e r a l  days was no more than  one o r  two d e g r e e s .  
The p r e s s u r e  shown by t h e  P i r a n i  gage was always l e s s  t h a n  0 . 1  micron 
b e f o r e  t h e  chamber was r a i s e d  t o  t h e  t e s t  t e m p e r a t u r e .  Immediately a f t e r  
immersing t h e  chamber i n  t h e  b a t h ,  t h e  p r e s s u r e  t y p i c a l l y  i n c r e a s e d  t o  
10-15 mic rons ,  b u t  it dec reased  t o  3-5 microns  d u r i n g  t h e  p e r i o d  r e q u i r e d  
f o r  thermal  e q u i l i b r a t i o n  of t h e  specimens.  The p r e s s u r e  normal ly  de- 
c r e a s e d  f u r t h e r ,  depending on t h e  t empera tu re  and specimen c h a r a c t e r i s t i c s ;  
a maximum p r e s s u r e  of about  one micron o r d i n a r i l y  e x i s t e d  a t  25OCC, and a 
p r e s s u r e  of a few t e n t h s  of a micron a t  180OC. 
T e s t s  w e r e  made a t  about  a lo$ s t r a i n ,  a l though  t h e  a c t u a l  s t r a i n  
c o u l d  n o t  be determined conven ien t ly  and probably  d i f f e r e d  a p p r e c i a b l y  
from 10%. 
t he rma l  expans ion  of v a r i o u s  components i n  t h e  a p p a r a t u s  and a l s o  from 
t h e  r e l a t i v e l y  h igh  compliance of t h e  l o a d  c e l l .  Because t h e  pr imary  
purpose  of t h e  work was t o  o b t a i n  r e l a x a t i o n  d a t a  f o r  which o n l y  t h e  
change i n  f o r c e  i s  needed ( t h e  decay i n  t h e  r e l a t i v e  f o r c e  is independent  
of t h e  s t r a i n  magn i tude ) ,  a s p e c i a l  e f f o r t  was n o t  made t o  de t e rmine  t h e  
s t r a i n  p r e c i s e l y .  
The problem i n  de te rmining  t h e  s t r a i n  r e s u l t s  from t h e  s i z a b l e  
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APPENDIX I1 
PROCEDURES FOR OBTAINING TENSILE DATA 
T e n s i l e  d a t a  were o b t a i n e d  by t e s t i n g  r i n g s  of t h e  PMMA polymers 
w i t h  an  I n s t r o n  tester which has  a t e m p e r a t u r e - c o n t r o l l e d  t e l e s c o p i n g  
c a b i n e t . *  
b e f o r e  b e i n g  t e s t e d ,  a p e r i o d  s u f f i c i e n t  fo r  thermal  e q u i l i b r a t i o n  b u t  
n o t  l o n g  enough f o r  chemical  d e g r a d a t i o n  t o  o c c u r .  
Specimens were p l a c e d  i n  the c a b i n e t  p r e c i s e l y  10 minutes  
Ring specimens w e r e  p repared  from s h e e t s  of t h e  PMhU polymers by 
f i r s t  c u t t i n g  d i s c s  having a diameter  s l i g h t l y  g r e a t e r  t h a n  1 . 5  i n c h e s ,  
t h e  d e s i r e d  o u t s i d e  d iameter  for a specimen.  S e v e r a l  d i s c s  w e r e  s t a c k e d  
and t h e n  t u r n e d  on a l a t h e  t o  a diameter  of 1.5 i n c h e s ;  t h i s  o u t s i d e  
d i a m e t e r  was measured p r e c i s e l y  with a v e r n i e r  c a l i p e r .  These f i n i s h e d  
d i s c s  w e r e  t h e n  p l a c e d  ( t w o  or t h r e e  a t  a t i m e )  i n  a s p e c i a l  s o c k e t  
mounted on t h e  l a t h e  and bored t o  an i n s i d e  d iameter  of about  1.35 i n c h e s .  
The t h i c k n e s s  of each  r i n g  was o b t a i n e d  by a n  i n d i r e c t  method. Each 
of twenty or more r i n g s  having  t h e  same o u t s i d e  and i n s i d e  d i a m e t e r s  was 
c l e a n e d  and weighed on a n  a n a l y t i c a l  b a l a n c e .  The t h i c k n e s s  of each  r i n g  
was measured a t  t h r e e  p o i n t s  w i t h  a d i a l  gauge t o  o b t a i n  an  average  
t h i c k n e s s .  These d a t a  w e r e  used t o  compute a 
( t h i c k n e s s  on w e i g h t )  having a s l o p e  
where w i s  t h e  weight  of an  i n d i v i d u a l  r i n g ,  
n e s s .  A f t e r  b was o b t a i n e d ,  t h e  t h i c k n e s s  of 
from t = b W i .  
i 
l i n e a r  r e g r e s s i o n  l i n e  
and t .  i s  i t s  average  t h i c k -  
each  r i n g  was c a l c u l a t e d  
1 
The i n s i d e  d iameter  of e a c h  r i n g  was c a l c u l a t e d  from t h e  o u t s i d e  
d i a m e t e r ,  t h i c k n e s s ,  and weight  of t h e  r i n g ,  and t h e  d e n s i t y  of t h e  
m a t e r i a l  (determined by t h e  buoyancy method) a c c o r d i n g  t o  D2 = D2 - i 0 
0.0777 W / p t ,  where D .  and D a r e ,  r e s p e c t i v e l y ,  t h e  i n s i d e  and o u t s i d e  
1 0 
*See Ref .  7 on page 64 of t h i s  r e p o r t  
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d i a m e t e r s  i n  i n c h e s ,  W and t a r e  t h e  weight  i n  grams and t h i c k n e s s  i n  
i n c h e s ,  and p is t h e  d e n s i t y  i n  g/cm3. 
I n  d e r i v i n g  v a l u e s  of stress and s t r a i n  from an I n s t r o n  t r a c e  (a  
p l o t  of f o r c e  a g a i n s t  t i m e ) ,  t h e  dimensions of a r i n g  a t  t h e  tes t  t e m -  
p e r a t u r e  w e r e  used .  The dimensions w e r e  c a l c u l a t e d  from t h e  dimensions 
a t  room t e m p e r a t u r e  and t h e  c o e f f i c i e n t s  of thermal  expansion f o r  PMMA 
below and above t h e  g l a s s  tempera ture  (S .  Loschaek, J .  Polymer S c i .  1 5 ,  
391 (1955) .  The s t r a i n ,  1-1, was c a l c u l a t e d  from t h e  c rosshead  d i s -  
placement ,  AL, u s i n g  t h e  equation:* 
- - -
1 - dl 4 0 L  A-1 = 
0 1  
(111-1) 
T h i s  equat ion* g i v e s  t h e  average  s t r a i n  i n  t h e  r i n g .  The stress was 
o b t a i n e d  from t h e  f o r c e  and t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  u n s t r e s s e d  
specimen; f o r  a r i n g  specimen t h i s  a r e a  e q u a l s  ( D  - D i ) t .  
0 
Rupture s t r a i n s  w e r e  b a s e d  on t h e  i n s i d e  d iameter  of a r i n g  and 
were computed from t h e  e q u a t i o n :  
2 AL h - 1 = -  
n D  . 
1 
b (111-2) 
Values  of t h e  r u p t u r e  stress were o b t a i n e d  by e x t r a p o l a t i n g  a f o r c e - t i m e  
t r a c e  beyond r u p t u r e  up t o  t h e  poin t  a t  which t h e  average s t r a i n  i n  t h e  
r i n g  e q u a l s  t h a t  based on t h e  i n s i d e  d i a m e t e r .  A d i s c u s s i o n  of t h e  
v a l i d i t y  of t h i s  procedure i s  given e l sewhere .*  
To r e d u c e  a f o r c e - t i m e  t r a c e ,  a l a r g e  number of p o i n t s  w e r e  r e a d  
from t h e  t r a c e  w i t h  an  Oscar  read-out d e v i c e  a t t a c h e d  t o  a key punch f o r  
r e c o r d i n g  t h e  d a t a  on punch c a r d s .  The q u a n t i t i e s  r e q u i r e d  t o  p r e p a r e  
t h e  p l o t s  Of l o g  0 v s .  l o g  t ,  a s  w e l l  a s  c e r t a i n  o t h e r  p l o t s ,  w e r e  c o m -  
p u t e d  on a Burroughs B-5500 Computer. 
-
*See Ref .  7 on page 64 of t h i s  r e p o r t .  The e q u a t i o n  on page 142 of t h e  
r e f e r e n c e d  p u b l i c a t i o n  c o n t a i n s  an  e r r o n e o u s  f a c t o r  of 2 i n  t h e  second 
t e r m  on t h e  r i g h t  s i d e  of t h e  e q u a t i o n .  
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Al'I'EXDIX I I I 
LITERATURE SLRVEJ' 
During t h e  i n i t i a l  q u a r t e r  of t h i s  p i o j e c t ,  a s u r ~ e y  wa5 made of 
l i t e r a t u r e  on mechanical and s t a b i l i t )  c h a r a c t e r i s t i c s  of PMn4 and 
PhIMA-EDMA copolymers .  The in fo rma t ion  p r e s e n t l y  i n  Q u a r t e r l y  Techn ica l  
Summary Repor t  N o .  1 is  reproduced be low.  
A ,  V i s c o e l a s t i c  P r o p e r t i e s  of PhIA 
.-I --.__- 7- 
PMA4 i s  one of t h e  n:ost c x t c n s i v e l y  s t u d i e d  amorphous polymers .  
I t s  v i s c o e l a s t i c  p r o p e r t i e s  have been i n v e s t i g a t e d  by s t ress  r e l a s a -  
tioil' ( 5 ,  1 3 ,  16 ~ 2 2 ,  2 6 ,  39, 67 : I ,  c r e e p  ( 1 6 ,  26 , 3 4 ,  4 7 ,  67), and 
dynamical methods (1, 3, 16, 27, 4 2 ) .  Mechanical damping d a t a  have 
a l s o  been o b t a i n e d  by a number of workers  ,(9, 15,  16 ,  2 0 ,  2 1 ,  24 ,  2 8 ,  
2 9 ,  32, 33, 4 9 ,  5 0 ,  5 5 ,  5 6 ,  6 1 ,  6 6 : ,  and t h e  r e s u l t s  summarized by 
Woodward and Saue r  ( 6 5 ) .  These  e x t e n s i v e  s t u d i e s  have c l e a r l y  e s t a h -  
l i s h e d  t h e  e x i s t e n c e  of a t  l e a s t .  t w o  t r a n s i t i o n  r e g i o n s  i n  t h e  m c h n n i -  
c a l  p r o p e r t i e s  of PhlhW. The r cg ions  show up a s  peaks o r  a s  changes i n  
l e v e l s  of t h e  v i s c o e l a s t i c  f u n c t i o n s .  By comparing t h e  r e s u l t s  from 
mechan ica l ,  d i e l e c t r i c a l ,  and n u c l e a r  magnet ic  r e sonance  measurements 
(t26, 4 8 ,  631, i t  h a s  been p o s s i b l e  t o  a s s i g n  t h e  main or ,mk,-transition 
t o  t h e  e x c i t a t i o n  of main c h a i n  motion,  and t h e  secondary  or c - t r a n s i -  
l i o n  t:o e x c i t a t i o n  of s i d e  c h a i n  mot ion .  The a c t i v a t i o n  ene rgy  i o r  t h e  
? - p r o c e s s ,  about  20 k c a l  mole (91, is much s m a l l e r  t h a n  t h a t  fo r  t h e  
w-process ,  rihi(.h i s  of t h e  o r d e r  of 100 k c a l j m o l e  ( 2 0 ) .  
The b e h a v i o r  of PMhw i n  c r e e p  a t  l a r g e  stresses he lob  t h ?  g l a s s  
t e m p e r a t u r e  was i n v e s t i g a t e d  by W a l l  ( 6 2 ) ,  Marin and co-workers ( 4 0 , 4 1 > ,  
and Sherby  and Dorn ( 5 2 ) .  
B T r a n s i t i o n  Tempera tures  of PhMA -. 
The t empera tu re  a t  which cha in  mot ions  a r e  f r o z e n  i s  shown by a 
change i n  t h e  f i rs t  d e r i v a t i v e s  ' c o e f f i c i e n t  of expans ion ,  s p e c i f i c  
h e a t ,  e t c .  of t h e  primary thermodynamic p r o p e r t i e s  (\*-olume, e n e r g y ,  
e t c  1 .  E'i'om t h e  t h e o r e t i c a l  v i t w p o i n t ,  t h e  concep t  of a t r a n s i . t i o n  
I. t empera tu re  a s  a ma te r i a l  constant i s  a difficult one (46).  Fu r the rmore ,  
it i s  c l e a r  f r o m  the discussion by F e r r y  ( l l ) ,  and by Saito e t  al. (46) that 
determined t rans i t ion  tempera tures  depend on the the rma l  path, and the 
data a r e  to  some  extent a rb i t r a ry  even when obtained on an ideal sample 
which is f r e e  f r o m  impuri t ies  and i s  homogeneous with respect  to  
molecular  weight and chain s t ruc ture .  Nevertheless ,  if the theoret ical  
and  experimental  l imitations a r e  kept in  mind, the t rans i t ion  tempera-  
t u r e  concept a s s i s t s  mater ia l ly  i n  explaining polymer behavior.  
-- 
The occurrence  of a transit ion t empera tu re  corresponding to  the 
p-transit ion in PMMA has  not been conclusively demonstrated,  although 
it has  been claimed t o  occur  around 0"  to  5°C (9, 5 3 ) .  The t empera tu re  
re la ted to the a - t r ans i t i on ,  o r  g lass  t empera tu re  T has  been found t o  
be 105°C byl loshaek  (13),  and by Rogers  and  Mandelkern (45). Fujino, 
Senshu, and Kawai (14) pointed out that the b reak  in Rogers  and 
Mandelkern's plot of specific volume against  t empera tu re  s e e m s  to  
occur  a t  100" r a the r  than at 105°C and they used this  value in  the i r  
calculations.  The volume-temperature  plot shown by Saito e t  al. (46) 
and apparently obtained by Hideshima (46a),  displays a single break  
n e a r  96°C. Rogers  and Mandelkern's data may be re in te rpre ted  t o  
give a s i m i l a r  value fo r  T It mus t  be noted that, apa r t  f r o m  the 
thermal  path chosen, the g lass  t empera tu re  i s  affected not only by 
differences in molecular  weight distribution and the presence  of spur i -  
ous impuri t ies  and residual plasticizing components such a s  MMA, but 
a l so  by the s te reoregular i ty  of the sample which depends on the condi- 
t ions under which polymerization is c a r r i e d  out. The syndiotactic chain 
i s  s t i f fer  than the isotact ic ;  i t s  g l a s s  t empera tu re  is  115°C while that of 
isotactic P M M A  i s  45°C (12, 17, 33, 4 3 ,  44,54) .  
probably predominantly s yndiotactic e 
Fox and g' 
--
i? 
Conventional PMMA is 
Evidently T a s  customari ly  determined will be a cha rac t e r i s t i c  
g 
of a n  individual sample under  identical experimental  conditions 
PMMA, 100°C s e e m s  to be a reasonable average  value. 
crossl inked with GDMA, Loshaek (36) found that  T 
degree of crosslinking. 
F o r  
F o r  PMMA 
i n c r e a s e s  with the 
g 
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The concept  of t h e  g l a s s  t r a n s i t i o n  i n  polymers i s  u s u a l l y  l i n k e d  
w i t h  t h e  concept  of f r e e  volume (11). According t o  t h i s  v iew,  a lower ing  
of t h e  tempera ture  i s  accompanied by a c o l l a p s e  of f r e e  volume. Above 
T t h e  volume c o n t r a c t i o n  i s  of a l i q u i d l i k e  c h a r a c t e r .  Below T t h e  
g g 
f r e e  volume remains more n e a r l y  c o n s t a n t ,  and e x h i b i t s  an e s s e n t i a l l y  
s o l i d l i k e  b e h a v i o r .  Cons idera t ions  of changes i n  f r e e  volume p r e d i c t  a 
dependence of t h e  v i s c o e l a s t i c  p r o p e r t i e s  of polymers on t h e i r  thermal  
h i s t o r y .  The i n f l u e n c e  of c o o l i n g  r a t e  on t h e  stress r e l a x a t i o n  of PMMA 
a t  t e m p e r a t u r e s  below T h a s  been demonstrated by McLoughlin and Tobolsky 
(38, 3 9 ) ,  b u t  no  s y s t e m a t i c  i n v e s t i g a t i o n  of t h i s  e f f e c t ,  p a r t i c u l a r l y  
on t h e  f a i l u r e  p r o p e r t i e s  of PMMA, has  been r e p o r t e d .  
g 
C .  U l t i m a t e  T e n s i l e  P r o p e r t i e s  of PMMA 
Valuable  i n f o r m a t i o n  on t h e  u l t i m a t e  ( f a i l u r e )  t e n s i l e  p r o p e r t i e s  
of polymers may be o b t a i n e d  from s t r e s s - s t r a i n  c u r v e s  ( o f t e n  o b t a i n e d  
a t  c o n s t a n t  r a t e s  of s t r a i n )  determined t o  t h e  p o i n t  of f a i l u r e .  Such 
c u r v e s  on PMMA have been r e p o r t e d  i n  s e v e r a l  s t u d i e s  (10, 31, 6 7 )  b u t  
a r e  n o t  p a r t i c u l a r l y  s u i t e d  f o r  developing a comprehensive p i c t u r e  of 
t h e  f a i l u r e  b e h a v i o r .  
F a i l u r e  a t  h i g h  tempera tures  or l o w  r a t e s  of s t r a i n  i s  r e f e r r e d  t o  
a s  tough f a i l u r e  and is  u s u a l l y  accompanied by necking  ( 5 7 )  o r  c o l d -  
drawing ( 5 7 )  of t h e  specimen,  r e s u l t i n g  in  l a r g e  e l o n g a t i o n s - a t - b r e a k ,  
and a d i s t i n c t i v e  appearance  of t h e  f a i l u r e  s u r f a c e .  S t r e s s - s t r a i n  
c u r v e s  o b t a i n e d  under c o n d i t i o n s  l e a d i n g  t o  tough f a i l u r e  o f t e n  show a 
y i e l d  p o i n t  and a p l a t e a u  r e g i o n  cor responding  t o  necking o r  cold-drawing 
when t h e  stress is  c a l c u l a t e d  on t h e  i n i t i a l  c r o s s  s e c t i o n  of t h e  s p e c i -  
men. The stress a t  t h e  y i e l d  p o i n t  i s  known a s  t h e  y i e l d  s t r e n g t h  and 
t h e  cor responding  e x t e n s i o n  a s  t h e  y i e l d  e l o n g a t i o n  
B r i t t l e  f a i l u r e  o c c u r s  a t  low t e m p e r a t u r e s  or h i g h  r a t e s  of s t r a i n .  
I t  i s  c h a r a c t e r i z e d  by a monotonic s t r e s s - s t r a i n  c u r v e ,  smal l  e longa-  
t i o n - a t - b r e a k ,  t h e  absence  of necking or cold-drawing,  and a d i f f e r e n t  
morphology of t h e  f a i l u r e  s u r f a c e .  The tempera ture  t r a n s i t i o n  between 
7 9  
br i t t l e  and tough fa i lure  is known as the br l t t le  point. 
i s  t he  s t r e s s - a t - b r e a k  i n  br i t t le  fa i lure .  The a r e a  under the s t r e s s -  
s t r a i n  curve  is called the f r ac tu re  energy,  o r  energy-to-break.  
Bri t t le  strength 
The  tough and br i t t le  failure of PMMA h a s  been studied extensive-  
l y  (4, 2 3 ,  51,58 -60 ). Hoff(Z3) investigated the recovery  of deformation 
beyond the yield point and showed that t h e r e  is v e r y  l i t t le permanent  set 
(plast ic  deformation) in PMMA 
recoverable  by heat  t rea tment  (52)  
sur face  of PMMA has  been discussed by var ious  au thors  (6 ,  51, 5 3  ) -  
Coulehan (7)  and Wolock e t  ale,  (64 )  d i scussed  the s t r e s s -c raz ing  of 
PMMA, a phenomenon that may lead to  catastrophic  fa i lure  of the 
sample  when brought into contact m i th ce r t a in  1iqu;ds 
the deformation being gene ral ly  
T h e  morphology of the fai lure  
-- 
D T h e r m a l  Degradation and Self- plasticization of PMMA 
The  t h e r m a l  degradation of PMMA h a s  been studied by G r a s s i e  
and Melville ( l S ) ,  Cowley and Melville (8) ,  and L o h r  and P a r k e r  (35). 
T h e  ma in  degradation product is the monomer ,  MMA. A degraded 
sample  will therefore  contain the monomer  as  a plasticizing component. 
The  p resence  of a plasticizing component strongly influences the 
mechanical  behavior of polymers .  
shown the effect of wa te r  as  a plast ic izer  i n  PMMA. 
monomer  content (self-piasticizatlon) on the g lass  t empera tu re  of 
PMMA was  investigated by Aleksandrov and Lazurk in  (L)g while L o h r  
and P a r k e r  (35)  studied the effect of monomer  content on the tensi le  
yield s t rength of PMMA 
McLoughlin and Tobolsky (39) have 
T h e  influence of 
E.  Cross l inked  PMMA (PMMA- EDMA Copolymers)  
-~ ~ 
The l i t e r a tu re  contains relatively l i t t le  information on PMMA- 
EDMA copolymers  w h i c h  i s  r e l e v a n t  t o  the present  study. 
Loshaek (13, 36, 37) showed that the g l a s s  t empera tu re  i n c r e a s e s  with 
the degree  of crossl inking 
t h e r m a l  degradation of PMMA- EDMA copolymers*  
linked PMMA, the ma in  degradation product is MMA and the degree  of 
crossl inking had no effect  on the degradation 
Grass i e  and Melville (19) studied the  
A s  with uncross-  
'it was  concluded that 
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when a chain degradation reaches a junction point in the network, the 
unit containing i t  will be eliminated in  the normal  w a y ,  1, e ,  a s  with 
uncrosslinked PMh4A The EDMA molecule wi l l  not, however, be 
evolved until both chains of which it has  been a pa r t ,  have been 
depolymerized 
Heijboer (20, 21) reported the influence of crossl inking on the 
mechanical  damping, and some s t r e s s -  s t r a i n  curves  were  obtained by 
Knowles and Dietz(31),  Vincent (58) r emarked  that the effect of c r o s s -  
linking generally i s  t o  increase  the modulus and the yield s t rength in 
the tough region a t  a given tempera ture  but that crossl inking (up to 570 
E D M A  ) h a s  l i t t le e f fec t  on the brit t le s t rength,  
81 
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